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Previous studies on particle concentration by the ultrasonic standing wave technology 
show that microparticles can easily and effectively be concentrated in the micrometer-
scale concentrators. However, microparticles are difficult to concentrate in 
millimeter-scale concentrators because of wide disparity between the small particle 
size and large channel width. One of the millimeter-scale devices that can concentrate 
microparticles at a relatively large volume flow rate is the h-shaped acoustic 
concentrator. Previous studies on the h-shaped concentrator have presented design 
guidelines, performance characterization and some design improvements. However, 
more studies are still needed to fully understand the insights of device’s operation and 
the behaviour of microparticles inside the concentrator. This study conducts 
systematic investigation into the operation of the h-shaped concentrator by measuring 
separation heights and particle concentrations at different voltage and flow rates. 
Specifically, this study (1) performs the characterization of concentration 
effectiveness of the h-shaped concentrator and (2) investigates the existence of 
particle trapping due to the lateral radiation forces. 
One-dimensional layered piezoelectric model was first used to obtain the design 
criterion for the layer thicknesses. Next, two h-shaped concentrators were constructed, 
one with nominally chosen layer thicknesses and one with properly designed layer 
thicknesses. Separation height measurements were performed to characterize the 
concentration effectiveness of the devices. The results validated that correct choice of 
layer thicknesses would help to improve the maximum achievable flow rate compared 







Secondly, concentration effectiveness of the h-shaped concentrator was characterized 
by particle concentration experiments at inlet and two outlets using turbidity 
measurements. The results showed that particle trapping exists in the chamber and can 
be very significant at high voltage and high inlet particle concentration. These results 
shed the light into the insights of the device’s operation since particle trapping can be 
beneficial or detrimental depending on the required mode of operation. The results 
suggested that the device can be used as a particle trapping device at high inlet 
particle concentration and high driving voltage. However, the device is suitable as a 
continuous flow-through concentrator only at low inlet particle concentration and 
moderate voltage levels.  
Finally, to further characterize the sound field inside the channel, energy density 
measurements were conducted. Acoustic and flow field analysis was performed by 
using the finite element models. Proper matching between the experimental and 
calculated energy densities was done and primary axial as well as lateral radiation 
forces inside the channel were estimated. Lateral radiation forces are found to be in 
comparable order of magnitude with viscous drag forces. Next, acoustic forces 
together with viscous drag forces were applied to the particle to predict particle 
trajectories. The general trends in separation heights from the particle trajectory 
model agree well with the experimental results. Moreover, numerical results show 
that particle trajectory came to a stop at high voltage and this could explain the 
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Separation processes are necessary whenever particulate matter or second phase liquid 
needs to be separated from the suspending fluid. They have very wide applications in 
many areas such as chemical engineering, biomedical engineering, biotechnology, life 
sciences, food processing and analytical chemistry. Examples of the applications 
involve separation of pathogens from wastewater [1] and concentration or 
agglomeration of oil droplets from oil-water emulsion [2]. The final aim of such 
separation processes is either to retain reusable micro-particles or to obtain the 
clarified medium for recycling purpose or safe disposal. For these purposes, 
researchers have been developing several methods of separation since several decades 
ago.  
 
1.1  Separation Methods 
Since the early 1800s, several conventional methods have been used for particle 
separation [3].   Separation in these methods is based on the physical blockage or the 
difference in the physical and chemical properties between the particle and 
suspending fluid. Examples of such methods involve centrifugation, membrane 
filtration and gravity aided sedimentation [4-7]. While large forces in centrifugation 






method can destroy cell viability, membrane filtration method has fouling problems. 
Gravity method needs large residence time and physical spaces. Chemical methods 
need to use chemical additives for obtaining separation and these chemicals need to 
be removed in subsequent processes after separation. Therefore, researchers have 
sought different modern methods of particle separation.  
With advances in electronics, computer technology and manufacturing techniques, 
modern methods of particle separation such as magnetic [8], dielectrophoretic (DEP) 
[9], acoustic methods have been developed. The magnetic method uses the magnetic 
field to separate the particles from the mixture based on the magnetic property. 
Therefore, for separating non-magnetic cells, additional magnetic particles need to be 
introduced in the suspension. Then, a selective cell need to be bounded to a magnetic 
particle before it can be separated by the magnetic field [10]. In DEP method, weak 
electric field strength over long distances limits the method to work only for micro-
scale separation at small throughput. Therefore, these methods are unsuitable in the 
application areas where particles properties are not allowed to be altered and 
millimetre-scale devices are required for high throughput.  
 
1.2 Acoustic Separation  
Another alternative modern method is acoustic or ultrasonic method. If there is a 
difference in density and/or compressibility between particles and suspending liquid, 
i.e., if there is an acoustic contrast, an ultrasonic standing wave field can be used to 
move the particles to either pressure node or anti-node.  Hence, particles or second 
phase liquid can be separated from the liquid. Acoustic separation has several 
advantages over the conventional methods. Unlike the chemical method, no chemical 






additives are needed in the acoustic method. Unlike membrane filtration method, 
there is no fouling or blockage since the acoustic method does not have any physical 
contact. The acoustic method requires small space and it can operate in a continuous 
mode [11]. If biological specimens need to be manipulated, there is no effect on cell 
viability under long exposure [12]. Moreover, unlike magnetic method, acoustic 
method can work for all particles and biological cells as long as there is an acoustic 
contrast between the particle and the medium. With properly designed separators, 
acoustic method can also offer better efficiency at higher throughput compared to 
DEP method.  Moreover, unlike DEP devices, acoustic separators can be either at 
micro- or millimetre-scale. Therefore, studies on both micro- and millimetre-scale 
acoustic separators have been active in life sciences, medical and biotechnological 
applications. 
Although manipulation of micro-particles in micro-scale acoustic devices is easy and 
effective, micro-particles are relatively difficult to manipulate in millimeter-scale 
devices because of wide disparity between the small particle size and large channel 
width. However, millimetre-scale acoustic separators have been developed and 
reported in the literature in different operating modes and configurations, for example, 
(1) continuous flow separator by gravity-aided sedimentation [13, 14], (2) non-
continuous flow separator with porous media [15, 16], (3) continuous flow cylindrical 
separator [17] and (4) continuous flow h-shaped separator [18-20]. Among them, h-
shaped separator has recently drawn attention from researchers in millimetre-scale 
separation because of its main advantages – (1) continuous flow, (2) non-reliance on 
gravity, (3) homogeneous sound field, and (5) high separation efficiency and high 






throughput.  Important studies on the history and development of h-shaped separator 
are reviewed in section 2.3 (b).  
 
1.3 Objectives and Scope 
Acoustic radiation force has been used for particle separation. Specifically, for the 
millimetre-scale separation, the h-shaped device has been successfully used in 
practical applications [19]. A considerable number of studies on this concept, design, 
performance characterization and design improvements have also been reported. 
However, none of these studies have quantified the significance of particle trapping 
on the separation process. Therefore, in order to fully understand the device’s 
operation, more studies are still needed. A systematic investigation into the operation 
of the millimeter-scale h-shaped concentrator is the main aim of this study. More 
specifically, the objectives of this study are:  
(1) To develop a simple theoretical model to check optimum thickness for the 
matching layer 
(2) To construct an h-shaped device and to experimentally investigate the effect of 
layer thicknesses on separation performance of the device  
(3) To experimentally examine if particle trapping by lateral forces exists and how 
it affects the separation process by measuring particle concentrations at inlet 
and outlets 
(4) To estimate the radiation forces and separation performance by using a two-
dimensional finite element model and particle trajectory model 
 In this study, instead of real cellular particles, polystyrene micro-spheres, which are 
also commonly used in the previous studies, are used. This is justified since their 






physical and mechanical properties are comparable to those of most biological cells 
and parasites. For example, in the same medium, cancerous cells have positive 
acoustic contrast factor like the polystyrene micro-sphere [21].  Moreover, to estimate 
radiation force distribution, a two-dimensional FEM model is used instead of a three-
dimensional model to reduce the computational cost. Another assumption with the 
particle trajectory model is that fluid can be treated as non-viscous and secondary 
inter-particle forces are neglected.  
 
1.4 Original Contributions 
Two-layered piezoelectric model is used as a design criterion for selecting matching 
layer thickness. The use of two-layered model would result in a design with proper 
thickness of matching layer that can improve separation performance compared to a 
nominally designed channel.  
The concentration effectiveness of the h-shaped concentrator is characterized by the 
measurements of separation height, maximum height that the particles go across the 
width of the concentrator. Existence of particle trapping by the lateral forces is also 
examined by the measurements of particle concentration at inlet and outlets. If the 
lateral force is found to exist and it is significant to trap the particles, the device 
operation mode could change from separation to trapping. This would be a drawback 
or an advantage depending on the mode required. Therefore, this may provide insights 
into the device’s operation and some operating guidelines for exploiting or avoiding 
the existence of particle trapping for specific required operation.  
Acoustic energy density measurements are also performed and results are matched 
with the energy density obtained from two-dimensional finite element model to 






characterize sound field inside the channel. Particle trajectories are also estimated and 
used to analyse the device and understand the physical phenomenon in the device.  
 
1.5 Thesis Organization 
The thesis is organized as follows.  
Chapter 2 provides a review on methods of acoustic particle separation with an 
emphasis on millimetre-scale devices and pertinent studies in the literature. Chapter 3 
presents a brief theoretical background on radiation force. Next, a theoretical one-
dimensional two-layered piezoelectric model is discussed. The proper sizing of the 
thickness for the matching layer is also discussed. Chapter 4 provides the 
experimental setups and methods for the measurements of separation height and 
particle concentration in the h-shaped concentrator. Chapter 5 provides and compares 
experimental results of separation measurements between nominally designed channel 
and channel with properly designed layer thicknesses. Next, results of particle 
concentration measurements for two cases with different inlet particle concentrations 
are reported and discussed. Chapter 6 presents simulation results on radiation forces 
and viscous drag force by two-dimensional finite element models. Next, particle 
trajectory model is used to predict the separation heights. They are also compared 
with experimental results and discussed. A conclusion of the research work is 

















In an ultrasonic field, suspended particles experience acoustic radiation force due to 
the nonlinear nature of the wave propagation in the medium. Acoustic radiation force 
is a non-linear effect resulted by the change in the momentum of the incident wave 
and scattered wave over the surface of the particle [22]. This acoustic radiation force 
for an object in an ideal fluid is a second-order time-averaged quantity obtained by 
integrating the momentum flux through the surface bounding the particle [23].  
〈〉 = −  	
− 12 〈〉 + 12  〈 
〉  + 〈〉  (2.1)
where,   is radiation force vector,  is the density of the fluid medium,  = −∇ is 
acoustic displacement velocity of the particle,  is the velocity potential, c is the 
speed of sound. SR is the surface far from but bounding the particle. i,j indicate the 
axial and lateral directions and , the Kronecker delta is unity when i=j and zero 
otherwise.  
 
2.1 Brief History  
The effect of acoustic forces was first found and described by Kundt (1886) in his 
famous dust-tube experiment. The first idea of application of standing wave technique 
was developed by St. Clair in 1940 using an ultrasonic device with a vibrator and 






reflector to coagulate dust and smoke [52]. At a frequency of 7 kHz, he successfully 
flocculated aerosol as a visible flake. Later in 1955, Yosioka and Dawashima derived 
the equation for calculating acoustic radiation force on compressible spherical 
particles in a perfect fluid with a plane standing wave.  For a particle with radius a << 
acoustic wavelength ", time-averaged primary radiation force by Yosioka and 
Dawashima is [24], 
#$ = 4&'()*+,- ./2)01 (2.2)
where, #$ is the primary radiation force, ' is the radius of the particle, k is the wave 
number and x is the distance from the nearest pressure node. 
Eac is time-averaged acoustic energy density and for one-dimensional case it is 
defined in terms of acoustic pressure, p. 
*+, = 24332 (2.3)
  is acoustic contrast factor given by: 
 = # + 23 5# − 672# + 6 − 8#386 
 
(2.4)
where, ρ is the density, the subscript p and f are used for representing suspended 
particle and fluid, 8 = 9: is compressibility and B is adiabatic bulk modulus. Particles 
move to the pressure nodes if the sign of  is positive, otherwise they will move to 
the pressure anti-nodes. Equation (2.2) forms the fundamental basis of ultrasonic 
separation. Since then, ultrasonic devices to separate particulates or a second phase 
liquid in a suspending liquid have been developed and successfully applied in practice 
both at micro- and millimetre-scale separation or enrichment. Some of the 
developments and applications are reviewed based on the respective application area.  






2.2 Different Applications 
(a) Size-based Fractionation 
Primary axial radiation force scales with the cubic power of the particle radius 
(equation 2.2), hence particles of different sizes experience different magnitudes of 
radiation forces and move to the pressure node or anti-node at different rates. This 
effect can be exploited to separate or fractionate particles of different sizes. The first 
effort to exploit this effect was probably introduced by Mandralis et al. in 1993,  who 
reported the ability to fractionate polystyrene particles of sizes ranging 2 to 30 µm in 
aqueous solution into properly positioned outlets [25, 26].  Application of this 
technology to the real cells was reported by Sergey et al. in 2006 with the use of a 
three-stage microdevice for fractionation of blood cells from plasma with an 
efficiency of almost 100% highlighting the possibility to commercialize size-based 
fractionation devices [27]. In 2010, another similar device, but with 2 µm to 22 µm 
glass spheres, used for fractionation in air stream was also shown to be working by 
Budwig et al. demonstrating that ultrasonic method can also be used for aerosol 
fractionation [28]. Another interesting and novel method of size-based separation, the 
so-called free flow acoustophoresis, was reported by Petersson et al. in which 
polystyrene particles of size 2, 5, 8 and 10 µm were separated from the mixture and 
collected at four different outlets with an efficiency up to 94% [29]. It was also 
demonstrated that the fractionation method can be used for fractionation of red blood 
cells, platelets and leukocytes. These fractionation devices have been designed both at 
millimetre- and micro-scale and potential application areas are also proven [25, 27-
30].  
 






(b) Property-based Separation 
Particles in standing wave ultrasonic field will move to pressure node if the acoustic 
contrast factor (ratio of densities and compressibilities) between the particle and the 
medium is greater than zero, otherwise they will move to the pressure antinodes 
(equations 2.2 and 2.4).  This effect can be utilized to separate two particles of 
opposite contrast factor to the node and anti-node accordingly. Such a possibility was 
proven by Petersson et al. in which lipid particles were separated from human 
erythrocytes with 80% efficiency [12, 31, 32].  
(c) Gravity-aided Separation  
After particles move to pressure node or anti-node by the primary force, they will drift 
along nodal line by the lateral forces and collect at maximum energy density points. 
Then, inter-particle distance decreases and secondary radiation forces become 
effective especially for high inlet particle concentration. Subsequently, particles form 
aggregate or agglomeration and they can be collected with the aid of gravity if the 
channel is oriented vertically. In 1989, the earliest development to use this effect was 
reported by Pui et al. to separate lymphoid cells from the stationary suspension [14]. 
Later, fluid flow was incorporated in such a device and it was reported that the 
acoustic sedimentation method could separate mammalian cells at a flow rate of 0.7 
mL/min and efficiency of 90% [33]. The novel device by the same approach but with 
higher flow rate and better efficiency was reported by Hawkes et al. in 1995. Their 
device was proven to be able to separate yeast particles at a flow rate of 5 mL/min 
with an efficiency of 99% [13, 34-36]. It should also be noted here that all the devices 
in gravity-aided acoustic separation method are millimetre-scale devices with multiple 
nodal lines to trap the particles by forming them into aggregates in shorter time. Two 






main advantages with this method are (1) continuous mode and (2) good separation 
efficiency: 80% to 100%. However, such separators are only suitable for vertical 
orientation since they rely on gravity.  
 (d) Separation with the Aid of Porous Medium 
Another method relying on secondary radiation forces for particle separation was also 
reported in the literature. In this method, a porous medium is formed by placing glass 
spheres or aluminium foam meshes with pore size larger than particle size in the 
acoustically active region of the separator [15, 16]. As a result, large secondary 
radiation forces will act on the particles and the particles will be attracted and 
agglomerated to the porous media. Using this approach, filtration efficiencies of 70% 
to 80% were reported for polystyrene particles with aluminium mesh [15], and oil 
retention efficiency of up to 80% was reported for oil-in-water separation using 
polyester mesh [16]. This method is also suitable for operating at higher harmonics of 
the acoustic chamber, i.e. at millimetre-scale. However, the method cannot work in a 
continuous mode since flushing is needed whenever the porous medium is saturated.   
(e) Carrier Medium Exchange 
Another proven technology using acoustic radiation force is the so-called particle 
washing or carrier medium exchange [37-40]. Petersson et al. are the first to develop 
the micro-devices using this technology for blood wash application [37-39].  In this 
device, suspended particles in the two contaminated streams near the sidewalls of the 
resonator are transferred to the clean liquid stream which is running in between two 
contaminated streams and along the channel centre. Exchange efficiency of 95% of 
red blood cells from the contaminated to clean stream was reported. A device using 






similar technology but with two streams running in parallel was also reported by Y. 
Liu [40]. In this micro-device, particles in upper stream are transported to the lower 
stream by maintaining an offset between fluid-fluid interface and pressure nodal 
plane. The effect of acoustic force on the interface deformation was also studied. 
 
2.3 Geometrical Design and Mode of Operation 
Standing wave acoustic resonator devices can also be classified into groups based on 
the geometrical design and mode of operation. Most of the micro-scale devices are 
half-wavelength chambers actuated either at the bottom or on the sidewall of the 
chamber. However, most of the millimetre-scale devices are of rectangular geometry 
and are multiple-wavelength chambers with the actuation on the sidewall. Some of 
these devices are reviewed in the previous section. Moreover, although simple 
rectangular channels are most common, other geometries such as cylindrical and h-
shaped channels have also been successfully developed. Developments of different 
designs and device configurations in millimetre-scale acoustic separation are 
reviewed below. 
(a) Cylindrical Resonator  
The use of cylindrical resonator was reported by Tolt and Feke [17], in which 
particles are transported in the opposite direction to fluid flow. Standing wave was 
formed along the axis of the cylindrical tube by putting the transducer and reflector at 
either ends forming bands of particles. By driving the device in a sweep mode at a 
certain nominal centre frequency, a drifting stationary wave was generated in the axial 
direction. Then, particles in nodal lines are axially translated to and collected at the 
other end of the pipe, and separation is achieved. Then, the clean liquid was 






withdrawn from the top outlet, and the particles were collected in the outlet at the 
other end. 
Goddard and Kaduchak showed that line driven cylindrical resonator can be used for 
concentrating particles in the stationary fluid [41]. The transducer was attached on the 
outer surface of the cylindrical tube in line with the centre axis of the tube and excites 
the lowest mode of the cylindrical chamber. All the particles moved radially to the 
pressure node which is along the center line. The ability of the devices was proven 
with 10-µm polystyrene beads at 25 mm/s.  Moreover, the criteria to choose the 
resonant frequency and the dimensions of the resonator were also provided. The 
benefit with this line-driven method is that good alignment between the matching 
layer and reflector is not required. However, continuous flow separation is limited in 
this method because of difficulty in fabricating outlets for collecting particles and 
clarified liquid. 
Another alternative to all these methods is millimetre-scale h-shaped separator, which 
is reviewed in the following section.  
(b)  h-shaped Separator 
A separator design that can work at continuous mode and high throughput, but with 
simple geometry for easy fabrication, is an h-shaped separator [18]. The first millimetre 
scale acoustic separator with one inlet and two outlets was designed by Frank et al. in 
1993 [42].  In this design, particles are guided to the concentrated outlet by acoustic 
radiation force and clean liquid can be collected at clean outlet. They used acoustically 
transparent foil to guide the streamline to be tilted against the pressure nodal planes. 
Hence, this resonator concept was named as Y-shaped resonator. In 2000, acoustic Y-
shaped separator concept was improved by Hill and Wood in which the use of acoustic 






foil was omitted but inlet flow direction was still tilted against the nodal plane [43]. 
Inspired by Y-shape concentrator design, the first h-shaped resonator device was 
developed by Benes et al. in 2001 [18] .  
A Frank et al., Hill and Wood, and Benes et al., the first developers of millimetre 
scale acoustic separator, showed the applications of electro-acoustic model, multi-
layered piezoelectric model and particle-trajectory model to design and predict 
performance of the separator [18, 42-44]. This forms a fundamental basis of h-shaped 
separator’s concept and design.  However, these studies did not provide ways to 
characterize the quantitative performance of the h-shaped separator. This requirement 
was fulfilled by a study by Bohm et al. [19, 20] who not only showed that turbidity 
measurement can be used to characterize separator performance, but also proved that 
its performance is not affected by gravity [19, 20, 44]. They also reported the 
existence of particle trapping by lateral radiation forces, but did not quantify its 
significance on the separation process. They are the first to show successful 
application of the device for the separation of Spirulina platensis suspension in space 
at a throughput of 24 L/day. Another improvement in h-shaped separator performance 
was proposed by Patat et al. with an additional change in operating mode with the use 
of slowly progressive standing wave [45]. In this manner, they theoretically proved 
the improvement in performance but experimental proof has only been done 
qualitatively.  
Overall, studies on h-shaped separator’s concept, design, performance 
characterization and some design improvements have been done in the available 
literature. However, none of these studies has addressed and quantified the 
significance of particle trapping caused by the lateral radiation forces.  







(a) Transfer Matrix Model 
Transfer matrix models for estimating electro-mechanical quantities in the layered 
acoustic resonator with two electrodes [46] and arbitrary number of electrodes [46]  
were developed by Nowotny and Benes based on the piezoelectric equations. Transfer 
matrix model was applied to design acoustic resonator by Groschl et al., and the basic 
fundamentals of instrumental and experimental design procedure have been clearly 
outlined in a series of papers [47-49]. Since then, many researchers verified and relied 
on the transfer matrix model to predict the electro-acoustic field variables inside the 
acoustic chamber, i.e. to estimate the energy density distribution and nodal positions 
inside the channel [18, 50]. 
(b) Electro-acoustic Model 
Another model, which can predict the acoustic field distribution and nodal positions 
inside the resonator, is one-dimensional electro-acoustic model. It was demonstrated 
by Hill et al. [43, 51]. The model was used to properly select the layer thicknesses to 
control acoustic radiation force profiles and to produce pressure node in any arbitrary 
position in the channel [43, 51]. The applicability of the model to predict the 
impedance of the resonator and the resonant frequencies was also proven by Yijun et 
al. [52]. The model has also been successfully applied to predict acoustic field inside 
the resonator at a specific frequency [53].  
(c) Finite Element Model 
All the models discussed earlier are based on one-dimensional analysis. However, real 
field inside the resonators, especially at millimetre-scale, is not one-dimensional. The 
first two-dimensional modeling of the acoustic resonator was probably reported by 






Dougherty et al. by finite element analysis [54]. In their model, the static structural 
mode of the whole resonator including the piezoelectric transducer was first obtained. 
The deflection shapes of the rigid walls were then used as harmonic excitation 
functions for two-dimensional model of the fluid chamber. Adrian [55] and Neild et 
al. [56] extended a two-dimensional finite element model of the acoustic resonator by 
incorporating solid-liquid interaction. Moreover, Townsend et al. also obtained simple 
two-dimensional finite element model of fluid chamber with rigid wall (instead of 
piezoelectric transducer). With this model, eigen-frequency analysis of the resonator 
was done to predict the existence of lateral modes and to suggest proper adjustment to 
reduce the effect of the lateral variations inside the acoustic resonator [57]. A similar 
two-dimensional finite element model of only fluidic part was also reported by 
Hagsater et al. showing the ability of the model to predict the spatial distribution of 
the pressure in good agreement with the experimental observation [58, 59]. Oberti et 
al. also used finite element model with solid-liquid coupling to predict the two-
dimensional trapping locations inside acoustic concentrator with strip electrodes and 
experimentally proved that the model can predict the locations well [60]. Since then, 
many researchers have used finite element tools to design the acoustic resonator and 
trapping locations [61-68].  Most recently, the simulation in finite element model was 
extended into three dimensional analysis by Oberti with the sidewalls modelled as 
rigid walls [65].   
(d) Particle Trajectory Model 
All the models discussed in the previous sections are used for obtaining the nodal 
position and acoustic field quantities inside the resonator. Using these acoustic field 
quantities and radiation force formulae by either Yosioka [24] for the one-






dimensional sound field or Gor’kov [69] for the general sound field, radiation forces 
acting on the particles are normally obtained. In a flow-through separator, particles 
will move to the nodal or anti-nodal planes under the balance of flow and radiation 
force fields. The two forces must be balanced properly in order to obtain the best 
compromise between the maximum achievable flow rate and the driving voltage 
below the cavitation threshold. This can be done by the simulation of the particle 
trajectory in the ultrasonic devices. In order to obtain particle trajectories, researchers 
normally apply Newton’s second law to the suspended particles in flow and acoustic 
force fields. Such a particle trajectory model was used to estimate the particle path in 
an h-shaped acoustic separator by Benes et al. [18].  A full mathematical model to 
predict the particle trajectories and concentration for the fractionation and 
concentration applications was also shown to agree with experimental observations 
[70, 71]. Moreover, the model was also further extended by Lipkens et al. to predict 
particle movement under the sweeping acoustic field in which particle translates from 
nodes to nodes and finally concentrate at a specific limit plane [53].  
 
 2.5 Studies on Effect of Layer Thicknesses 
Precise positioning of the pressure node is very important in the micro-scale channel, 
i.e. the channel with only one node. Typically, such channels are either at half-
wavelength or quarter-wavelength scale depending on the application requirements. 
For example, half-wavelength channels are used for concentration, separation, and 
fractionation [72-74] while quarter-wavelength channels are used for sensor 
enhancement [75]. Millimetre-scale channels are normally at multiple half-
wavelength scale. For both micro- and millimetre-scale resonators, optimizing the 






energy density in the fluid chamber is important since the primary radiation force, 
which is mainly responsible for effective concentration or separation directly scales 
with the energy density (equation 2.2). Therefore, in acoustic resonator design, nodal 
position and acoustic energy density are two most important design parameters to be 
optimized. Selection of the thicknesses for layers of the resonator is important to 
determine the nodal position and acoustic energy density inside the channel.  
Several authors have studied the effect of layer thicknesses on the nodal position and 
energy density [51, 76-78]. Trampler et al. filed a patent of multi-layer millimetre-
scale resonator, in which design criterion for choosing layer thicknesses are clearly 
outlined [76]. According their invention, in order to achieve maximum available 
energy inside the resonator, (1) exciting the resonator exactly at the fundamental 
resonant frequency of the transducer should be avoided, (2) thickness of carrier layer 
and reflector must be chosen in such a way that phase shift across each layer must be 
odd integral multiple of pi/2, and (3) thickness of fluid chamber must be integral 
multiple of half-wavelength of the sound wave in the fluid.  By this design of the 
resonator, it claims that thermal dissipation of the transducer can be reduced and 
acoustic energy is optimized in the fluid chamber by fulfilling the resonant boundary 
conditions.  
Hill et al. also published a series of papers providing  guidelines on the selection of 
layer thicknesses to control the radiation force profiles and optimize energy density 
[51, 77, 78]. These design guidelines were obtained based on the one-dimensional 
impedance transfer model. They showed that proper dimensions of layer thicknesses 
are required to control the nodal position and peak energy. The recommendations for 
half-wave channel are that the thickness of the reflector must be odd integral 
multiples of quarter-wavelength of the sound wave in this layer and that for the 






quarter-wave channel should be integral multiples of half-wavelength. However, the 
material and thicknesses of the matching layer has small effect relative to 
reflector/fluid layers. However, they highlighted that for half-wave channel, quarter-
wave matching layer can provide frequency stability although the peak energy is 
slightly lower.  
In this thesis, layer thickness for the matching layer was examined by one-
dimensional two-layer piezoelectric model. The layer design by this model would 
improve the separation performance or concentration effectiveness compared to 
nominally designed channel. This study also experimentally investigates if the 
thickness of matching layer has profound effect on the separation performance of 
multiple-half-wavelength resonator by experimental measurements of separation 
heights on nominally designed resonator and properly designed resonators.  
 
2.6 Studies on particle trapping  
Since acoustic field inside the resonator cannot be purely one-dimensional, lateral or 
transverse forces can be present. As a result, particles in a two or three dimensional 
sound field will be trapped by the lateral forces if the forces are significant enough. 
The effect of trapping can be detrimental or advantageous depending on the 
application requirements. Hence, they may need to be reduced or enhanced depending 
on required operating modes of the resonator, i.e. whether trapping or separation is 
preferred. There are a number of studies on the lateral forces and their effect on 
particle trapping or formation of particle striations or columns. The effect of lateral  or 
radial non-uniformity of ultrasound field in the cylindrical resonator was theoretically 
studied by Whitworth et al. and they showed this effect experimentally by the 






formation of striated columns of particles along the axis of the resonator [79].  
Woodside et al. also measured the radiation forces inside the rectangular resonator 
caused by the transverse variation of acoustic energy density in the pressure nodal 
plane [80]. They showed that transverse radiation forces are sufficient enough to form 
particle aggregates in the pressure nodal plane [80]. Moreover, according to 
Woodside et al. and Bohm et al., these forces can be reduced or enhanced by carefully 
designing the dimensions, boundary conditions and physical properties of reflector 
and transducer [80, 81]. Another study by Townsend et al. also suggested that lateral 
radiation forces can be comparable to the primary axial force and they can be 
enhanced or reduced by carefully designing the material and the width of side wall in 
the lateral direction [57].  
Lateral forces together with secondary forces can be beneficial in some applications, 
especially in the gravity-aided sedimentation [82, 83]. In such devices, lateral forces 
are useful to move particles into the striation and reduce inter-particle distances. 
Besides gravity aided separation, effect of lateral forces has been enhanced and 
employed for better particle trapping by using two orthogonal standing waves field 
[84, 85] or by exciting the resonator by transducers  with specially patterned 
electrodes [86].  
However, trapping may be detrimental to the process if the separation mode is 
preferred. If particle trapping exists and it is significant in such devices, flushing of 
the devices after it is saturated with the particles, or inclination of the devices during 
operation is needed. One example of undesirable effect of particle trapping by lateral 
radiation forces was reported by Bohm et al. [19, 20, 44].  In a separation process of 
Spirulina cells from aqueous solution by using the h-shaped separator, they reported 






the hindrance of operation due to the trapping even with the use of surfactant to 
reduce formation of particle aggregates [19, 20, 44].  
Based on all these studies, it can be noted that investigating particle trapping by 
lateral radiation forces in acoustic concentrators is important to determine the device’s 
mode of operation. Although the existence of particle trapping was highlighted in the 
studies on h-shaped channels, its significance was not identified. The significance of 
particle trapping must be evaluated so that its effect on the separation process can be 
known. Therefore, the present study will investigate if particle trapping exists in the 
h-shaped separator and if it has profound effect on the separation process. Such an 
investigation is necessary to decide its mode of operation and to determine the 
subsequent action whether to reduce or enhance the particle trapping if it exists. 











Pertinent literature has been reviewed in Chapter 2. In this chapter, basic theory of 
acoustics in general is first discussed. Next, theory of standing wave acoustics is 
discussed and radiation forces acting on the particle in the standing wave field are 
reviewed. Finally, the theoretical model is developed to aid in selecting the proper 
thicknesses for layers in standing wave resonator.  
 
3.1 Basic Theory of Sound 
Acoustic waves, particularly standing acoustic waves at ultrasonic frequencies, have 
been very useful in separation science and microfluidic system. Devices with different 
designs and different operating modes have been invented to exploit the ultrasonic 
standing wave for separating or concentrating particulate matters from the 
suspensions [11, 87-89].  
Acoustic wave is a pressure wave propagating in different media, i.e., solid, liquid or 
gas. Whenever a medium is disturbed mechanically, acoustic wave or sound is 
transmitted through it.  In the normal undisturbed states, particles in the medium are 
in equilibrium positions. Under harmonic excitation, they oscillate from the 
equilibrium positions and cause neighbouring particles to oscillate. This results in 






acoustic travelling wave. Ultrasonic wave is an acoustic wave with the frequency of 
20,000 Hz and above.  
Acoustic wave equation for wave propagating in a longitudinal direction can be 
derived using linearized equation of continuity  
 + ∇. /<=1 = 0 (3.1)
and equation of momentum conservation (Euler equation), 
 = + ∇2 = 0 (3.2)
where,  is density of the medium, p is acoustic pressure,  = ?@?A   is acoustic 
displacement velocity and u is acoustic displacement.  
For one-dimensional case, the wave equation can be expressed as, 
C/0, 10 = 1 C/0, 1  
 
(3.3)
where, x is the position and t is the time.  
It can be also described in terms of acoustic pressure, p.  
2/0, 10 = 1 2/0, 1  (3.4)
where, c is the speed of sound based on linear approximation. For solids, 
 = EF + 43 G  
 
(3.5)
where, B is the adiabatic bulk modulus, and G is the shear modulus. 
However, for liquids, since they do not in general support shear elasticity, only bulk 
elasticity is effective, the speed of sound for liquids becomes 






 = EF (3.6)
(a) Travelling Wave 
The general wave function for the time harmonic case that satisfies the wave equation 
(3.3) can be expressed as:  
C/0, 1 = HIJKL/01MNAO (3.7)
The wave equation (3.3), for this case, becomes  
KL/010 + ) KL/01 = 0 (3.8)
where,  = √−1, ω is angular frequency of the wave, k is a wave number given by 
) = N,  and KL is a complex amplitude of the wave displacement. 
The sinusoidal and time-harmonic wave function travelling in positive x direction that 
satisfies the wave equation (3.8) can be expressed as:  
C/0, 1 = HIJKLM/NAQRS1O (3.9)
If initial phase is assumed to be zero, 
C/0, 1 = CT+Ssin/X − )01 (3.10)
Since the phase difference between the acoustic displacement and pressure is 90 
degree, the wave function can be expressed in terms of pressure. 
2/0, 1 = 2T+Scos/X − )01 (3.11)
For this time-harmonic case and for an irrotational flow in an inviscid fluid, using 
Euler equation, an important relation between acoustic pressure and velocity can be 
obtained. 
v = − 1 X< 20 (3.12)






This equation will be useful later to obtain acoustic velocity when the pressure has 
been obtained from numerical models. 
(b) Standing Wave 
In standing wave devices, the device is normally excited with excitation of the source 
transducer. The vibration is transmitted to the fluid layer through the matching or 
coupling layer. Next, a travelling wave passes through the fluid layer and it is 
reflected by a reflector layer with 180 degree phase change. The forward travelling 
wave and the backward reflected wave superimpose in the fluid layer. A special case 
of such interference is that two waves with the same frequency (i.e. equal wavelength) 
and opposite direction add up in the fluid layer. Accordingly, wave amplitudes are 
added up in certain locations and cancelled out in other locations.  This phenomenon 
results in a standing wave with alternative displacement nodes (pressure antinodes) 
and antinodes (pressure nodes). For such a wave with an assumption of perfect 
reflection, a general solution to the wave equation can be described as:  
C/0, 1 = HIJKLM/NAQRS1 − KLM/NA\RS1O (3.13)
If initial phase is assumed to be zero, 
C/0, 1 = 2CT+Scos/X1sin/)01 (3.14)
Acoustic pressure for the standing wave can also be expressed as:  
2/0, 1 = 22T+Scos/X1cos/)01 (3.15)
The distance between two nodal planes is half of the sound wavelength in the 










3.2 Acoustic Radiation Force 
Under the ultrasonic standing wave field, particulate particles in the suspension 
sample experience two types of acoustic radiation forces due to the acoustic contrast 
between particle and suspension medium. The main force acting on the particles is 
primary radiation force caused by the interaction of the particles with the standing 
wave field. The second is secondary radiation force or interparticle Bjerknes force 
caused by interparticle interactions and scattered wave field.  
(a) Primary Radiation Force 
Primary radiation force is a second order effect and is attained by integrating acoustic 
pressure over the surface of the particle up to second-order terms. King derived the 
first formula to calculate primary radiation force on a rigid sphere in a plane standing 
wave field [90]. King evaluated and averaged the forces acting on the rigid particles 
by solving the hydrodynamic equations for a perfect fluid. It was shown that the 
radiation force in standing wave field is spatially periodic by the half-wavelength. 
Later, Yosioka and Dawashima extended King’s theory and derived the acoustic 
radiation force on spherical particles in a perfect liquid in a plane standing wave field 
by taking into account the compressibility of the particles [24]. For a particle with 
radius a << acoustic wavelength ", time-averaged primary radiation force by Yosioka 
and Dawashima is, 
#$ = 4&'()*+,- ./2)01 (3.16)
where, Fpr is the primary radiation force, Eac is time-averaged acoustic energy density, 
x is the distance from the nearest pressure node and  is acoustic contrast factor given 
by: 






 = # + 23 5# − 672# + 6 − 8#386 (3.17)
where, ρ is the density, the subscript p and f are used for representing suspended 
particle and fluid, 8 = 9: is compressibility.  
 
Figure 3.1 Acoustic contrast factors at different compressibility and density ratios 
 
 
The direction of the primary radiation force is parallel to the direction of sound 
propagation, i.e. in the axis of standing wave. In the literature, primary radiation force 
acting in the axis of standing wave field is often named as primary axial radiation 
force. Along this axis, whether the suspended particles move to pressure node or 
antinodes depend on the sign of acoustic contrast factor . Figure 3.1 shows the 
regions with positive and negative  values against the density and compressibility 
ratios.   If the sign of  between the medium and particles is positive (denser and 
stiffer particles in liquid medium), particles will move to pressure nodes and they can 
be concentrated in the nodal planes. On the other hand, if it is negative (emulsion, 
bubble or second phase liquid in liquid medium), they will move to pressure 






antinodes. For example, the value of  for the suspension of polystyrene particles in 
water, which is used as a sample suspension in this thesis, is around 0.175, and they 
will move to pressure nodes. However, a suspension of oil droplets in water has a 
contrast factor of approximately -0.25 and the droplets will move to the pressure 
antinodes.  
 
Figure 3.2 Characteristics of one-dimensional standing wave (a) pressure and displacement 
velocity, denser particle in liquid medium moves to pressure nodal line (b) one-dimensional 
primary axial radiation force, radiation force has double periodicity of the pressure, arrow 
shows radiation force direction 
 
Moreover, it can also be noted that from equation (3.16), primary axial radiation force 
is proportional to '(, scales linearly with the wave number k, i.e. with the operating 
frequency, and energy density of the field. The characteristics of acoustic pressure and 
velocity of the standing wave field is plotted in Figure 3.2 together with the one-
dimensional primary axial force by equation (3.16). It can be seen from equation 






(3.16) and Figure 3.2 that primary axial force also shows double spatial periodicity of 
the pressure field.   
The equation by Yosioka and Dawashima is only valid for calculating axial radiation 
force on the particles in one-dimensional standing wave field and cannot be applied 
for calculating radiation force in a general field. However, most acoustic fields in 
standing wave devices are not purely one dimensional due to the presence of pressure 
release boundaries, reflections from hard walls, geometrical influence and source 
inhomogeneity. For such an ultrasonic field, equation (3.16) by Yosioka is not 
applicable and a different approach is necessary to calculate radiation force on the 
particles under arbitrary sound field.  
One of such approaches was proposed by Gor’kov in which primary radiation forces 
in a general sound field can be calculated from the negative spatial gradient of force 
potential function [69]. He also considered the compressibility of the spherical 
particles, but viscous effect was neglected. For this approach, the radiation force can 
be calculated by differentiating the radiation force potential.  
〈]^_〉 = −`〈K〉 (3.18)
where,  represents time-averaging over one cycle, and U is the radiation force 
potential given by  
〈K〉 = 2&6'( a13 39ρccc 〈2〉 − 12 3〈〉d (3.19)
Here, 〈2〉 and 〈〉 = 〈S + e + f〉 are mean square pressure and velocity 
fields, respectively. The two non-dimensional factors are given by 
 
39 = 1 − 6cc#cg (3.20)
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(3.21)
In the two-dimensional case, the locations of particle trapping plane are the minimum 
force potential locations where the gradient of <U> is zero. For the fluid-particle 
suspensions used in this study (f =1000 kg/m3, cf  =1500 m/s,  p=1050 kg/m3, 
cp=3000 m/s), the value of f1 is 0.76 and f2 is 0.09. Therefore, <p2> term in equation 
(3.19) dominates over <v2> term. Accordingly, particles will move to the positions 
where <p2> =0. Once they are in the planes where <p2>=0, there will be no 
contribution from <p2> term. Then, the particles will move to the local points along 
the nodal lines where <v2>  is the maximum and they form ordered patterns along the 
nodal line such as striations and aggregates.  
 
Figure 3.3 Acoustic concentration in simple rectangular channel at 2 MHz (a) Ultrasound is 
off, (b) Particles move to pressure nodal planes immediately after ultrasound is on, (c) 
Particles start to move along the nodal line, (d) Particles form line segments at the locations 
where <v2> term is the maximum. 
 
For example, acoustic concentration of 10-hm diameter polystyrene beads in water in 
a simple rectangular channel of width 1 cm is shown in Figure 3.3. As can be seen in 






Figure (3.3b), immediately after ultrasound field was turned on, the particles moved 
to pressure nodal line due to the domination of <p2> term. Once they are in nodal 
planes, they will start moving to the local points where <v2> term is maximum 
(Figure 3.3c).  After 20 second of treatment time, the line segments were formed by 
the particles due to the two dimensional sound field (Figure 3.3d). 
The magnitude of primary axial radiation force varies from 2×10-11 to 8×10-11 N for 
spherical polystyrene particles of diameter 10 µm in water at a frequency of around        
2 MHz and input power of 26 to 48 W/L [80, 91]. Magnitude of lateral forces strongly 
depends on the geometry. Woodside et al. showed that transverse or lateral radiation 
forces on 10 µm polystyrene spheres, under the same conditions, are in the order of 
10-13 N [91], which is an order of magnitude lower than primary axial force. However, 
Trampler et al. showed that lateral radiation forces can be effective enough to aid the 
sedimentation process in the gravity-aided separation of hybridoma cells [83].  
Townsend et al. also showed that lateral radiation force can be large enough to form 
striated patterns in the lateral direction of the resonator and suggested that it can be 
caused by the impedance of the hard wall boundary [57].  
It must be noted that both Yosioka and Gor’kov equations were derived with an 
assumption that the medium is an ideal non-viscous fluid. The corrections for the case 
in viscous medium were extended by Doinikov who developed general expressions 
for calculating radiation forces in a viscous and thermally conductive medium [92-
95]. He also showed that corrections to radiation force by viscous and thermal effects 
are minor for both rigid sphere and compressible liquid drop in the standing wave 
field [93, 95]. Moreover, it must also be noted that equation (3.16) by Yosioka cannot 
be accurate to calculate radiation force on micro-particle whose radius is smaller than 
5 µm. Yasuda et al. showed that measured radiation forces on polystyrene beads with 






radius less than 5 µm deviate from those predicted by Yosioka formula because of 
viscous boundary layer effects [96].  
(b) Secondary Inter-particle Forces 
Besides the primary radiation forces, under the ultrasonic standing wave field, 
suspended particles also experience inter-particle forces or Bjerknes forces. When 
they oscillate at different velocities and phase in a scatter field from neighbouring 
particles, secondary inter-particle forces arise in the standing wave ultrasonic field. 
Weiser et al. derived an expression for calculating these inter-particle forces for the 
case when particle radius and centre to centre distance is much less than the sound 
wavelength [97].  
i, = 4&'j k5# − 67/3l-m − 1166o  − X
658# − 8679 2q (3.22)
where, Fsc is secondary radiation force, θ is angle between the center line of the 
particles and propagation direction of the incident ultrasonic wave, and d is centre to 
centre distance between two particles. The secondary radiation force acts along the 
centre to centre line between two particles and its direction depends on the sign of Fsc. 
If Fsc<0,  the force is attractive and otherwise, the force is repulsive. Along the nodal 
planes, pressure will be zero or very minimal. Therefore, from equation (3.22), for 
two particles along the nodal line, there will be no or very minimal contribution from 
p2 term to Fsc.  However, since pressure node has maximum velocity, the v2 term will 
contribute to and dominate Fsc and its sign is dependent on the orientation of the 
particles. If the centre-to-centre line is parallel to the propagation direction, θ is zero 
and the force will be repulsive. If the center-to-centre line is perpendicular to the 
propagation direction, θ is 90 degree and the force will be attractive. Since centre-to-






centre line between two particles is always in line with the nodal line, it will always 
be perpendicular to the propagation directions. Therefore, secondary radiation forces 
on the particles along the nodal line will be attractive and particles tend to form 
aggregate.  
At the beginning of acoustic concentration process, i.e. immediately after ultrasound 
activation, the secondary inter-particle forces are not effective. However, when 
particles come in close proximity due to the lateral radiation forces along the nodal 
lines, secondary radiation forces can be sufficient as inter-particle distances decrease. 
Their magnitudes are normally an order of magnitude lower than primary radiation 
forces. However, as the particles become nearer and nearer, the secondary forces will 
become dominant since it is inversely proportional to d4 (equation 3.22). Therefore, 
secondary forces promote the formation of particle aggregates. Once they form 
aggregates, the effective radius will become large and the secondary radiation force 
will become even larger since it directly scales with 'j. The secondary effect can be 
prominent in the acoustic concentration processes especially for the case with high 
inlet particle concentration. A number of previous studies showed that secondary 
forces together with primary forces were significantly useful for the gravity-aided 
acoustic sedimentation [14, 33, 34, 98]. The study by Pangu et al. has reported that the 
secondary radiation force can be enhanced with the aid of porous media inside the 
acoustic resonator and they can be effectively used in emulsion separation [16].   
More extensive review of applications of different radiation forces for different 
applications in concentration or separation devices are provided in Chapter 2. 
 
 






(c) Acoustic Concentration in Simple Rectangular Channel 
In order to have a basic understanding of radiation forces and ultrasonic standing 
wave concept, particle concentration experiments were performed in a simple 
rectangular channel. The channel was made of aluminium and 3-mm wide. A 
piezoelectric transducer with a fundamental resonance of 1.17 MHz was used to 
excite the channel. A suspension of 10-µm diameter polystyrene particles in water 
was used. The channel was excited at four different resonances of the transducer.  
The concentration phenomena in part of the channel were shown Figure 3.4 for 
different resonant frequencies of the transducer.  Standing wave effect can be seen in 
all the figures. Polystyrene beads form concentration lines, which are the pressure 
nodal lines since the sign of  calculated using equation (3.17) is positive. The spatial 
distance between two nodes, i.e. half-wavelength, decreases with increase in 
frequency. It can also be seen that concentration effect is more pronounced at higher 
frequency. This is expected since radiation force is directly proportional to k 
(equation 3.16) and hence it is also directly proportional to the frequency (since 
) = r6, ). Moreover, at a frequency of 8 MHz, effect of lateral radiation forces on the 
particles can also be seen. As seen from Figure (3.4d), the particles in the nodal lines 
also move laterally along the nodal line forming line segments of particles. Therefore, 
it can be seen that even in a simple rectangular channel, lateral radiation forces can 
arise.  







Figure 3.4 Demonstration of acoustic concentration phenomena inside a simple 
rectangular channel at four different resonances of the channel 
 
(d)  Acoustic Streaming  
Apart from the primary and secondary radiation forces caused by the sinusoidal 
ultrasonic wave field, additional forces may act on the particles in the ultrasonic 
standing wave field, especially when they are dragged by the steady flow induced by 
the acoustic streaming. Acoustic streaming is the steady state bulk movement of fluid 
medium caused by the losses within fluid  and the fluid cavity boundaries [99, 100]. 
Acoustic streaming can be categorized into three types, namely Schlichting, Rayleigh 
and Eckart streaming [99]. Schlichting or microstreaming is caused by viscous 
boundary layer effect near the suspended particle [101], while Rayleigh streaming is 
induced in the standing wave between two parallel plates [102]. Eckart streaming is 






caused by the poor ultrasonic standing wave field, i.e. when some part of the standing 
wave involves travelling wave [102]. Therefore, Eckart streaming is caused by the 
poor reflection which may be due to the poor reflector surface and misalignment or 
unparallel alignment between the reflector and matching layer surfaces [49].  
Both Schlichting and Rayleigh streaming are of rotational nature [99]. The scale of 
Schlichting vortex is << " and it is induced in the viscous boundary layer near the 
suspended particle. The scale of Rayleigh vortex is nearly equal to "/4 and can be 
comparable to nodal distance (i.e. "/2) [103]. Moreover, the Schlichting vortex only 
occurs in the viscous boundary layer which is quite small and negligible in ultrasonic 
frequency range.  
Rayleigh vortex can be comparable to the distance between the node and antinode. 
Therefore, they can be detrimental to the acoustic concentration process. If magnitude 
of drag forces arising from the Rayleigh streaming are comparable with primary 
acoustic radiation forces, particles will be carried by the drag force out of the nodal 
planes. However, previous studies show that primary axial radiation forces are 
normally larger than drag forces caused by the Rayleigh streaming [103-105]. 
However, if particle sizes are of sub-micron scales, Rayleigh streaming effect can 
overcome the direct radiation effect. Kuznetzova et al. showed that streaming effect is 
more significant than direct radiation effect for 0.2 µm latex spheres in water 
suggesting that there is a minimum limit of particle size below which primary 
radiation forces cannot be effective  [106].  In this thesis, 10-µm diameter polystyrene 
beads were used as particles. Therefore, Rayleigh streaming effect was not observed. 
Moreover, Rayleigh streaming forces can be comparable to the lateral radiation 
forces. However, the lateral radiation forces strongly depend on the geometry of the 
channel. Therefore, with proper channel geometry to obtain larger lateral radiation 






forces, the effect of Rayleigh forces can be lessened if they happen to exist in the 
channel.  
As discussed earlier, Eckart streaming is mainly caused by the poor standing wave 
quality caused by the poor reflection or impedance matching [49]. Therefore, good 
reflecting wall and proper layer thicknesses are necessary to obtain good standing 
wave quality so that primary radiation forces which are mainly responsible for better 
concentration effectiveness can be optimized and streaming effects can be reduced.  
 
3.3  One-Dimensional Layered Resonator Model 
In order to find criterion to design layer thicknesses to meet resonant boundary 
conditions, one-dimensional layered resonator model was developed based on linear 
piezoelectric theory.  
Figure 3.5 shows one dimensional model of layered resonator. There are four layers in 
the resonator, namely piezoelectric, matching, fluid and reflector layers. The adhesive 
layer is not considered in this model; however, its effect will be evaluated in section 
3.3(c).  
 
Figure 3.5 One-dimensional layered resonator model 






In linear piezoelectricity, mechanical and electric quantities are coupled by the 
constitutive relations [107]. Since electrical excitation of the piezoelectric transducer 
is allowed only in thickness direction, all the quantities show spatial dependence in 
one direction only, and therefore scalar notation can be used. 
s = t C0 + M u0  
v = M C0 − w u0  
(3.23)
where, φ is the electric potential, D the electric displacement, u the displacement and 
T the mechanical stress in longitudinal direction; x is the spatial variable in 
longitudinal wave direction, C is the effective material elastic stiffness constant valid 
for the longitudinal wave in the regarded layer; e and ε are the electromechanical 
coupling factor and dielectric permittivity of the piezoelectric layer effective for the 
longitudinal wave in the piezoelectric layer, respectively.
 
In linear piezoelectricity, quasi-electrostatic approximation is valid because the 
wavelength of acoustic wave is much smaller than that of electromagnetic wave 
[108]. Therefore, full electromagnetic equations are not needed.  The governing 
equations for the dielectric material for this case are defined as, 
s0 =  C
 
(3.24)
v0 = 0 (3.25)
 
Differentiating the electric displacement equation from (3.23) and substituting into 
equation (3.25),  
x0 = Mw C0 (3.26)






Integrating equation (3.26), x0 = Mw C0 + y (3.27)
Substituting equation (3.27) into the mechanical stress equation of the constitutive 
equations (3.23), differentiating the result with respect to x, and substituting the result 
into equation of motion (3.24), the wave equation in the piezoelectric layer can be 
described as:  
C −  C0 = 0 (3.28)
where,  = z{|} is sound velocity.   
t| = t + ~  is the effective piezoelectrically stiffened elastic constant.  
The general solution for u can be obtained by integrating (3.27) with respect to x. 
u/01 = Mw C/01 + y0 +  (3.29)
 
The general solution for D can be obtained by substituting equation (3.27) 
into the electric displacement equation from (3.23), 
v/01 = −wy (3.30)
For the time-harmonic excitation, i.e. v = v<MQNA , and C/0, 1 = K/01MQNA, the 
general solution for the elastic displacement can be described as, 
K/01 = l-/)01 + F- ./)01 (3.31)
Substituting equations (3.27) and (3.30) into the mechanical stress equation in 
(3.23), the stress can also be expressed as, 
s/01 = t| K/010 − Mw v (3.32)
 






where, ω is temporal frequency and ) = N,  is a spatial wave number. 
(a)  Boundary Conditions 
The thicknesses of the layers must be chosen properly to meet the resonant 
mechanical boundary conditions shown in Figure 3.5.  
(1) traction-free at outer boundary of PZT layer (pressure node) 
(2) traction-free at outer boundary of reflector layer (pressure node) 
Moreover, in order to obtain maximum acoustic energy in fluid layer with pressure 
antinodes at the boundary, the following conditions must be satisfied [51, 76]. 
(3) maximum stress or pressure at a boundary between matching and fluid layer 
(pressure anti-node) 
(4) maximum stress or pressure at a boundary between fluid and reflector layer 
(pressure anti-node) 
As seen in Figure 3.5, conditions (3) and (4) can be met if  
1. Thickness of fluid layer is equal to integer multiples of half-wavelength in the 
fluid layer [51].  
2. Thickness of reflector layer is equal to odd integer multiples of quarter-
wavelength in that layer [51].  
The thickness of piezoelectric transducer is normally known. Therefore, only the 
thickness of matching layer is not known. Boundary condition at a boundary between 
PZT and matching layers is also not defined. However, the problem can be treated as 
a two-layered model with PZT and matching layers since proper thicknesses for other 
layers are known and boundary conditions are known for PZT and matching layers.  






Figure 3.6 shows the simplified two-layered model. The maximum stress condition 
can be represented by the zero acoustic displacement since displacement must be zero 
at pressure antinode. Based on equation (3.32), traction-free condition can be 
described as: 
K0 = Mwt| v (3.33)
 
Figure 3.6 Two-layered resonator model with boundary conditions 
Evaluation of the boundary and continuity conditions in Figure 3.6 results in a system 
of equations for forced vibration of the two layered model. 
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The conditions for the natural frequency can be obtained by setting the determinant of 
the coefficient matrix to zero. 
1 − )#fAt|#fA)TtT '.5)#fA#fA7'./)TT1 = 0 (3.35)
For a given frequency, PZT layer thickness and the material properties for both layers, 
the roots of equation (3.35) can be plotted against the matching layer thickness. From 
this curve, the matching layer thickness meeting the resonant boundary conditions can 
be obtained.  
In this study, operating frequency of 2.35 MHz, around 15% offset from the first 
fundamental frequency of the transducer, is selected to avoid resonance in PZT layer 
itself. By this mismatch, energy dissipation in the transducer can be reduced [76]. The 
fundamental resonance of the PZT transducer is 2 MHz and its thickness is 1 mm. 
Figure 3.7 plots the expression in equation (3.35) against the ratio of matching layer 
thickness to quarter wavelength in this layer, tm/(λm/4). The matching layer 
thicknesses that satisfy the boundary conditions are the values of the thickness where 
the curve passes through the x-axis.  
The matching layer thicknesses for this condition are found to be not exactly odd 
integer multiples of a quarter wavelength in that layer, but quite near them. Therefore, 
for each of the fabrication of the channel, T = 4.8/o 1, was used for matching layer 
thickness.  







Figure 3.7 Conditions for natural frequency of two-layered resonator 
(b) Criterion for Selection of layer thicknesses 
The criterion to select the layer thickness to meet resonant boundary conditions is 
shown in Figure 3.8. The operating frequency is chosen around 15 % offset from the 
first fundamental natural frequency of the PZT transducer. Such a small mismatch of 
the operating frequencies from the eigenfrequency of the PZT transducer can reduce 
energy dissipation in the transducer [76].  In the experiments, it was also found that 
concentration is more effective by this frequency mismatch.  
As seen in the figure, the thickness of the matching layer must be nearly five times the 
quarter wavelength in that layer. Then, the total phase shift in that layer is nearly r  
and hence no resonance occurs in the matching layer. According to Hill M. et al. [51, 
78], such a choice of matching layer thickness can result in better frequency stability 
although the peak energy in the fluid layer is slightly lower.   






However, the thickness of the fluid layer is selected so that it is equal to the integer 
multiples of half-wavelength. Then, the total phase shift is also integer multiples of pi. 
Therefore, resonance occurs in the fluid layer.  
The thickness of the reflector is chosen to be equal to five times the quarter-
wavelength. The total phase shift in the reflector is also r  avoiding resonance in the 
reflector. Hill M. et al. also suggested that for a half-wavelength fluid channel, for 
obtaining peak energy in the fluid layer, reflector thickness should be equal to the odd 
integer multiples of quarter-wavelength in that layer [51, 78].   
By such an arrangement of the resonator, the total phase shift across the whole 
resonator is also equal to integer multiples of pi. Therefore, the whole resonator is also 
in resonance. Layer thicknesses for the h-shaped acoustic resonator channel must be 
designed according to this criterion at all resonator sections as shown in Figure 3.8.  
 
 
Figure 3.8 Boundary conditions and thicknesses matching those for an h-shaped 
channel 






 (c)  Losses in the system 
Losses in the system (viscoelastic damping, dielectric and piezoelectric losses) can be 
considered by introducing complex material parameters in this model [48]. Losses due 
to the viscoelastic damping can be considered by using complex stiffness and sound 
speed [48].  
t = t +  Xμ (3.36)
̌ = Et 
 
(3.37)
where, t is complex material elastic constant, h is viscoelastic constant and ̌ is 
complex sound speed. 
Complex elastic constant and sound speed can also be expressed in terms of quality 
factor, Q [48]. 
t = t 1 +  1 (3.38)
̌ =  1 +  12 (3.39)
where,  = {Nµ 
Q value in this expression is used to consider viscous losses only. However, empirical 
values of effective quality factor are far lower than that calculated by equation (3.39) 
since the attenuation of sound can be caused by other losses due to thermal 
conduction and other absorption mechanisms [109].  
(d)  Effect of Adhesive Layer 
In the theoretical model in section (3.3a), the adhesive layer was not considered. 
However, since the adhesive layer introduces two interfaces and possesses damping 
property, it may affect the performance of piezoelectric actuator. In order to examine 






the effect of adhesive layer on the effectiveness of the PZT actuator, simulations were 
conducted by considering the adhesive layer in the one-dimensional model as shown 
in Figure 3.9. In this simulation, material Q values are taken from the literature[50]. Q 
values for PZT actuator, glue and aluminium are 350, 5 and 700 respectively at 2 
MHz. Using this damped system, the pressure amplitude at the other boundary of 
matching layer is calculated for different thicknesses of the glue layer at constant 
damping.  
Figure 3.10 shows frequency response of the amplitude of the pressure in the 
matching layers for different thicknesses of glue layer. As can be seen, the thicker the 
glue layer is, the lower the natural frequency and the pressure amplitude are. Table 
3.1 shows the percentage frequency shit and pressure decrease caused by different 
thicknesses of the glue layer. As can be seen, when the ratio of PZT thickness to glue 
layer thickness is 100, i.e., when the glue layer thickness is 10 µm, the natural 
frequency of the system is shifted by 4 % and the peak pressure is reduced by 10%. 
Therefore, the adhesive layer has profound effects on both the natural frequency and 
pressure amplitude. Therefore, the thickness of the adhesive layer is important and it 
must be considered in designing the acoustic resonator. 
 
 
Figure 3.9 One dimensional three-layered model with adhesive layer 
 







Figure 3.10 Frequency response of pressure amplitude in the matching layer for 
different adhesive layer thicknesses 
 














shift (%)  
Pressure drop  
 (dB)  
No glue  0  2.3  0.00  0.00  
100  10.00  2.2  -4.35  -0.79  
75  13.33  2.15  -6.52  -4.01  
50  20.00  2.1  -8.70  -5.30  
25  50.00  2  -13.04  -5.91  
 
 
In this chapter, radiation force theory was discussed. One dimensional layered PZT 
model for designing the acoustic concentrator was built. The design criterion to select 
the layer thicknesses for the acoustic concentrator was also obtained.  
To validate that the selection of layer thickness according to this criterion is helpful in 
improving the performance of concentration effectiveness of the acoustic resonator, 
the following steps were done. 






(1) Two resonator channels one with nominal layer thicknesses and one with 
properly chosen layer thicknesses according to this criterion were 
fabricated out of the same material. 
(2)   Separation heights for both channels were measured by obtaining 
photographic records of the separation phenomena inside the channels.  
In the next chapter, the details of acoustic resonator channels, the experimental 
setup and procedures for characterizing the concentration performance of the 
channels are described.  
 












Acoustic concentrators presented in this thesis are based on the same basic 
construction and working principle. The basic device used in this thesis takes on an 
acoustic h-shaped resonator design (Institute of General Physics, Vienna University of 
Technology, Vienna, Austria) [18]. In this chapter, the operating principle of such an 
h-shaped concentrator is first discussed. Next, detailed drawings of the devices and 
experimental setup are provided.  
 
4.1  Design and Mode of Operation of Acoustic Concentrator 
The h-shaped resonator reviewed in section 2.3, is used for the acoustic concentration 
of particles in liquid. Figure 4.1 shows a schematic of such an h-shaped channel. The 
fluid flows in y-direction from the narrow inlet on the left which opens up abruptly to 
a wider outlet. The streamlines of the fluid flow are indicated in red, and small 
particles tend to move along those streamlines. A piezoelectric actuator is attached to 
the sidewall of the wider channel, and it is used to set up an ultrasonic standing wave 
across the width of the wider channel, i.e. in x-direction. Nodal lines across the 
channel width are illustrated by blue dashed lines in the figure. The particles will 
experience a primary radiation force that acts in the transverse direction along the 






width of the channel to prevent the particles from moving to the top of the wider 
channel.  
 
Figure 4.1 Schematic on mode of operation of h-channel. The fluid streamlines are indicated 
in red, and the nodal lines of the standing wave are indicated in blue dashed lines. The 
hydrodynamic force (red arrow) pushes the particles along the fluid flow, while the acoustic 
force (blue arrow) blocks the upward motion of the particles.  
 
Micro-particles, suspended in water that flows from the narrow inlet into the wider 
outlet, tend to spread evenly across the width of the wider channel as they follow the 
streamlines. In the presence of the ultrasonic standing wave set up across the width of 
the wider outlet, particles will be confined by the primary acoustic radiation force to 
stay within the lower part of the outlet. The upper part of the outlet will be free from 
the particles, and the clean water can be siphoned out. The remaining water at the 
lower part of the outlet will contain a concentrated sample of particles and can be 
collected.  
 
4.2  Acoustic Concentrator 
The acoustic concentrator involves five different layers as shown in Figure 4.2 
namely transducer, adhesive, matching, fluid and reflector layers. The selection of the 






layer thicknesses affects the characteristics of the concentrator, i.e. the distribution of 
the pressure nodes and the intensity of the sound field [51, 78].  
 
Figure 4.2 h-shaped concentrator and its layers 
In this thesis, two h-shaped concentrators were fabricated using aluminium. The 
widths of the fluid layer for both channels are equivalent to the integral multiples of 
sound half-wavelength /"/21 in this layer i.e.   = ."/2, where n is an integer.  
Layer thicknesses for the first concentrator (channel A) were chosen nominally 
without elaborate design calculation. The detailed drawing and dimensions of channel 
A is shown in Figure 4.3. The width of fluid layer in the wider region is 10 mm, 
which is equal to integer multiples of sound wavelength in that layer at 2 MHz. 
However, the thicknesses of the matching and reflector layers were chosen without 
detailed calculation.  







Figure 4.3 Layout and dimensions of channel A  
Layer thicknesses for the second concentrator (channel B) were selected properly so 
that the design satisfies the resonant boundary conditions. The detailed drawing and 
dimensions of channel B is shown in Figure 4.4. The width of the fluid layer in the 
wider region is 10.5 mm, which is equal to integer multiples of sound wavelength in 
that layer at 2.35 MHz. Moreover, the thicknesses of matching and reflecting layers 
were properly designed using the criterion discussed in section (3.3b) to satisfy the 
resonant boundary conditions.  
The material properties and thicknesses of the layers for both channel A and channel 
B are shown in Table 4.1. 







Figure 4.4 Layout and dimensions of channel B 
 
Table 4.1 Material properties and layer thicknesses for channels A and B 








A B A B 
matching aluminium 2700 6300 
2.01 2.35 
4 3.19 
fluid water 1000 1500 10 10.5 
reflector aluminium 2700 6300 4 3.27 
 
The acoustic concentrator includes a fluid channel with one inlet and two outlets and a 
glass cover (Figure 4.2) and a piezoelectric actuator (Sparkler Ceramics Pte Ltd, 
India, resonance frequency is around 2 MHz for the fundamental thickness mode). 
The dimensions of the transducer are 10×8×1 mm. The fluid chamber is sealed with 






glass cover bonded to the channel using epoxy (Wessbond epoxy SE-5) to prevent 
leakage of the fluid. In all the experiments in this study, the piezoelectric actuator is 
attached on the side wall of the wider portion of the channel using super glue. The 
thickness mode vibration of the actuator is excited with a sinusoidal electrical signal 
supplied by a function generator at the required frequency. The frequency used in this 
study varies from 2 to 2.35 MHz. The ultrasonic vibration of the actuator propagates 
into the main channel through the matching layer and is reflected by the reflector. In 
this way, standing wave is set up across the channel in x-direction and multiple 
pressure nodal lines are formed. 
 
4.3  Fluid and Particles 
In this study, polystyrene particles (Polysciences) suspended in DI water are used as a 
sample suspension. The density and compressibillity of water is 1000 kg/m3 and 
4.56×10-10 m2/N. The average diameter of the polystyrene beads is 9.99 µm. The 
density of these particles is 1050 kg/m3 and the compressibility is 2.38×10-10 m2/N. 
The contrast factor for polystyrene particles in water calculated using equation (3.17) 
is 0.175. Therefore, according to the theory discussed in Chapter 3, they will move to 
the pressure nodal lines under the standing ulstrasonic sound field (Figure 4.6).  
  
4.4  Experimental Setup and Procedure 
(a)  Experimental System Setup 
The experimental system designed for this study involves five funtional parts as 
shown in Figure 4.5. A syringe pump (Cole Parmer ® 749000 series) is used to pump 






the fluid into the acoustic concentrator through the conduits and connectors (Science 
Team Services). The acoustic conentrator part includes an h-shaped concentrator held 
in the acrylic holder. A function generator (Agilent 33120A) acts as a power source to 
the piezoelectric actuator. The phenomenon in the acoustic concentrator is observed 
by the stereomicroscope (Nikon SMZ1500). Images of concentration phenomenon 
were recorded by DSLR camera system (Nikon D7000) approximately 5 to 10 min 
after swtiching on the concentrator. Camera resolution is approximately 5 µm per 
pixel.  
 










(b)  Measurement of Separation Height  
Concentration effectiveness of the acoustic concentrator is characterized by the 
measurements of separation height and particle concentration at inlet and outlets. 
Separation heights are directly obtained from the images of the concentration 
experiments recorded by the camera system. Figure 4.6 shows an example image of 
typical concentration experiment. The green lines are polystyrene particles 
concentrated along the nodal lines of the acoustic standing wave. Separation height is 
the maximum height attained by the particles under the balance of acoustic and flow 
fields, i.e. the distance from the bottom edge of the channel to the highest green nodal 
line as shown in Figure 4.6. The purpose of the h-shaped concentrator is to confine 
the particle in the lower region of the fluid channel and collect the enriched 
suspension in the lower outlet. Therefore, the lower the separation height is, the better 
the concentration effectiveness will be.  
 
Figure 4.6 A snapshot of typical concentration experiment in an h-shaped channel 
 






(c)  Measurement of Particle Concentration  
Another method for performance characterization is measurement of particle 
concentration at inlet and outlets. Bohm H et al. identified the concentration 
effectiveness of h-shaped channel by the online measurement of turbidity values of 
the inlet and outlet streams [19, 20].  In this thesis, turbidity measurements were also 
used to characterize concentration effectiveness. For this purpose, suspension samples 
are collected in beakers at inlet and outlet streams. Then, the turbidity values of the 
samples were measured by using turbidimeter (Oakton T100). Then, the turbidity 
values were converted into the approximate number of particles per unit volume 
(particles/ml). Therefore, calibration curve is required for the conversion.  
Calibration curve was obtained by measuring turbidity and particle count for 
suspensions with different levels of particle concentration. First, the turbidity meter 
was used to measure the turbidity of the original solution of 10-micrometer diameter 
polystyrene particle provided by the manufacturer. Based on manufacturer’s data, 
relationship between particle count and measured turbidity value can be obtained. The 
solution was diluted step by step with deionised water and the turbidity values were 
measured for each step. Particle counting in the sample solution in each step was also 
done based on the knowledge of the particle count in the original solution and the 
sample suspension volume. Then, particle count was also confirmed by comparing it 
with the corresponding value measured by using a haemocytometer.  In this manner, a 
set of turbidity and particle count values was obtained for each step of dilution thus 
providing a calibration chart for converting turbidity and approximate particle count.  
Figure 4.7 shows the calibration chart between measured turbidity values and 
approximate particle count per volume. As can be seen from the figure, the turbidity 






sensor cannot measure the correct turbidity values around and below 0.1. The 
turbidity meter is reliable for counting particles only for the particles count per 
volume 1000 particles/mL and above.  
 
Figure 4.7 Calibration chart for conversion between turbidity and approximate particles count 
per volume for 10-µm diameter polystyrene particles in water 
 
Particle concentration measurements were performed only on channel B. However, 
separation height measurements were conducted on both channels A and B. Results 
































Experimental Results and Discussion 
 
Experiments on acoustic concentration in the h-shaped channels were conducted 
according to the procedure discussed in Chapter 4. In this chapter, results of 
separation height measurements for channel A are first discussed. Next, results of 
separation height measurements for channel B are discussed and compared with the 
corresponding values for channel A. Finally, results of particle concentration 
measurements in channel B are reported and discussed. 
 
5.1  Separation Height in Channel A 
Figure 5.1 shows photographs of separation processes inside channel A, at 2 MHz and 
10 Vpp for four different flow rates. The green lines are polystyrene particles 
concentrated along the nodal lines of the acoustic standing wave. It can be seen that 
for a lower flow rate, the spheres are confined to a smaller region near the lower half 
of the channel. For a higher flow rate, the beads move to a “higher” region of the 
channel from the lower part of the channel due to the water flowing towards the upper 
part in the wider channel. It should also be noted that although concentration effect 
can be achieved, the particle concentration lines are wavy showing poor standing 
wave quality.  






Three sets of the same experiments were repeated for different voltage levels and flow 
rates to check the maximum flow rate achievable. Measured separation heights 
against flow rate for different voltage levels are plotted in Figure 5.2. As seen in the 
figure, separation heights at 10, 20 and 30 Vpp follow the general trend, i.e., a 
decrease in separation height with increasing voltage and an increase in separation 
height with increasing flow rate. However, there is a small exception at 0.075 mL/min 
where separation heights at 20 Vpp are the same with that at 10 Vpp. The reason for 
this abnormality in the measurement is not known. 
 
Figure 5.1 Acoustic concentrations of 10-µm polystyrene beads in water at 2 
MHz and 10 Vpp in channel A 







Figure 5.2 Separation heights versus inlet volume flow rate for different voltages for 
channel A. Three sets of concentration experiments were performed and separation 
heights were recorded. Mean values of separation heights are plotted in this figure 
with standard deviations.  
 
 
However, separation heights at the flow rates of 0.025, 0.038 and 0.05 mL/min for 40 
Vpp are even higher than those for 30 Vpp. This decrease in concentration effectiveness 
may be attributed to the temperature rise at high voltage levels, which was observed 
during the experiments particularly after continuous period of operation longer than 
15 minutes. Doblhoff-Dier et al. also reported that such a decrease in resonator 
performance is proportional to the temperature rise especially at high power input 
[110].  At high input voltage after long period of operation, the temperature of the 
water inside the channel increases. Since the velocity of sound partially depends on 
the temperature, the ultrasound wavelength inside the fluid channel will also increase. 
Therefore, the phase shift in the water layer will not meet the resonant conditions 
since the exciting frequency remains the same. Therefore, the exciting frequency 






needs to be changed accordingly to maintain the resonant conditions.  However, since 
there is no frequency control in the current experiment system, the fluid chamber will 
not operate at resonance. This would result in the degradation of available acoustic 
energy inside the channel, and hence a degradation in the separation performance.  
If the concentration of the micro-spheres in the concentrated suspension is to be 
doubled after passing through the device, the micro-spheres should be confined to the 
lower half of the outlet channel, while the upper half of the channel is clean water. For 
the micro-spheres to be confined to the lower half, they should attain a maximum 
separation height of 5mm (half the channel width of 10mm). From Figure 5.2, the 
maximum flow rate was found to be 0.075 ml/min, with a voltage of 40 Vpp applied to 
the piezo-actuator.  
 
5.2  Separation Height in Channel B  
The same sets of experiments were repeated for channel B and results are discussed in 
this section. Figure 5.3 and 5.4 shows the concentration of the micro-spheres (shown 
as green dots/lines) at the lower part of the channel for different flow rates, for 20 and 
30 Vpp. It was also observed in these experiments that standing wave quality in 
channel B is better with pressure nodal lines straighter compared to those in channel 
A (Figure 5.1). It can be seen from Figure 5.4 that at 30 Vpp particles not only are 
confined in the lower region due to the primary radiation forces across the width, but 
the particles are also trapped inside the channel by the primary lateral forces in the 
flow direction. The same phenomenon was also reported by Bohm et al. in their 
concentration experiments of Spirulina cells in an h-shaped channel [19, 20]. 
Townsend et al. showed that such a phenomenon are caused by the lateral variations 
within the acoustic field [57]. Throughout all the experiments in this study, it was also 






observed that these lateral forces are strong enough to trap the particles against the 
fluid force especially at 30 Vpp and higher voltage levels. 
 
Figure 5.3 Snapshots of concentration of microbeads in channel B for various flow rates with 
20 Vpp applied to piezo-actuator. They are confined in the lower region by the primary axial. 
 
 
Figure 5.4 Snapshots of concentration of microbeads in channel B for various flow rates with 
30 Vpp applied to piezo-actuator. They are confined in the lower region by the primary axial 
force. Moreover, they are also trapped against the hydrodynamic force by the lateral 
radiation forces in y-direction. 
 






Figure 5.5 plots separation height against flow rate for different voltage levels. It can 
be seen that the separation height increases as the flow rate increases, due to the larger 
hydrodynamic force pushing the particles upwards. With a higher voltage applied, the 
micro-spheres are also confined to a lower “height” attained, for the same flow rate. 
However, at flow rates 0.2 mL/min and above, the separation heights at 40 Vpp are 
even higher than those at 30 Vpp. This was also experienced in the experiments with 
channel A (Figure 5.2). The cause for this degradation in concentration effectiveness 
is the temperature increase at high power input as discussed in section 5.1. Therefore, 
increasing the voltage to 40 Vpp does not improve the concentration effectiveness. 
 




It can also be concluded from Figure 5.5 that for a maximum height of 5 mm, the   
maximum achievable flow rate with channel B is 0.2 mL/min at 30 Vpp. In 
comparison, the maximum achievable flow rate with channel A is only 0.075 mL/min 






at 40 Vpp.  Therefore, the maximum achievable flow rate with channel B is around 2.5 
times higher than that with channel A and the device can also operate at lower 
voltage. This significant increase in the separation performance is the result of the 
correct choice of layer thicknesses to match the resonant boundary conditions. Layer 
thicknesses for the matching and reflector layers for channel B were selected in such a 
way that they are equivalent to odd integral multiples of a quarter wavelengths in the 
respective layer. Moreover, the operating frequency was set 15% offset from the 
fundamental resonance of the piezoelectric layer. As a result, the resonance condition 
in the transducer is avoided so that energy dissipation in the piezoelectric transducer 
is reduced [76]. Therefore, most of the available energy is confined in the fluid layer. 
Hence, particles in the fluid layer encounter stronger acoustic forces, which result in 
better concentration effectiveness.  
Based on all the above results, it can be concluded that the choice of layer thicknesses 
has profound effect on the separation performance. In order to obtain better separation 
effectiveness, layer thicknesses for the resonator must be properly selected. The 
criterion discussed in section (3.3b) can be used as a guideline for this.  
 
5.3 Measurements of Temperature Rise 
 
Since temperature rise was also observed during particle separation experiments, 
temperature measurements were performed to quantify the temperature rise. 
Figure 5.6 shows the setup used for temperature measurement in Channel B. Since 
direct measurements of temperature in the fluid was not possible, temperature 
measurements were performed on the bottom surface of the acoustic concentrator in 
regions A and C as shown in Figure 5.6. Two thermocouples were attached on the 
bottom surface of the aluminium channel and the temperatures were read through the 






temperature reader. The measurements started at room temperature approximately 23 
°C. The readings were recorded every 3 minutes and the total operating time for each 
experiment was 15 minutes. A total of 16 measurements at different flow rates and 
voltages were conducted. 
 
Figure 5.6 Experimental setup for temperature measurement 
 
 




Figure 5.8 Temperature versus operating time in channel B at 0.2 mL/min and 
different voltages 
 














Figure 5.10 Temperature versus operating time in channel B at 0.4 mL/min and 
different voltages 
 
Figures 5.7-5.10 show the measured temperature against operating time for different 
flow rates. As can be seen, the temperature increases with the increase in operating 
time and driving voltage. At all flow rates, the temperature rise at 10 Vpp is almost 
constant over the whole operating time. At all flow rates, the temperature values at 
region A and region C are exactly the same. The highest temperature was 
approximately 64°C observed at 40 Vpp and flow rates of 0.1 and 0.2 mL/min after 
operating time of 15 minutes. 
Figure 5.11 shows the measured temperature against operating time at 40 Vpp for 
different flow rates. As can be seen, temperature rise is less significant at 0.3 and 0.4 






mL/min since the faster flow rates can cool the channel. The maximum rate of 
temperature rise is 3 °C/min at 0.1 and 0.2 mL/min.  
 
Figure 5.11 Temperature versus operating time in Channel B at 40 Vpp  
 
 
Separation performance and temperature rise for channel B were measured and 
discussed. As observed in Figure 5.3 and 5.4, particle trapping due to the lateral 
radiation force may occur inside the channel particularly at high voltages. This may 
be beneficial or detrimental depending on the required mode of operation and 
application. If the channel is to be used as a continuous flow-through separator as in 
the studies by Bohm H et al. [19, 20], the existence of trapping may hinder the 
operation since stopping and flushing of the device may be needed after long 
operating period. However, if the channel is to be used as a batch type trapping device 
as in the studies by Trampler et al. [111], this may be of advantage. Therefore, 
trapping inside the channel needs to be further investigated with the purpose of 
estimating the significance of trapping. 
For this purpose, measurement of turbidity and concentrations of particles at the inlet, 
































5.4   Particle Concentration in Channel B 
Particle concentration measurements were used by Bohm et al. to quantify separation 
effectiveness of h-shaped channel [19, 20]. In their studies on the concentration of 
Spirulina cells, even with the use of surfactant to prevent the trapping of cells inside 
the channel, they reported the existence of particle trapping due to lateral radiation 
forces, which can hinder the cell enrichment in the lower outlet. However, particle 
concentration in the lower or enriched outlet was not reported in those studies [19, 
20].  
The same phenomenon of particle trapping was also observed in this study. 
Measurements of particle concentrations at inlet and both outlets of channel B were 
performed for further characterizing concentration effectiveness of the channel. The 
setup shown in Figure 5.12 was used to collect the suspension samples at clean and 
concentrated outlets. By measuring the particle concentration at both outlets, it is 
expected that the significance of particle trapping would be evaluated. The following 
experimental procedure was used for the measurements of particle concentration.  
• An inlet particle concentration of approximately 120, 000 to 180, 000 10-hm 
diameter polystyrene particles/mL was prepared and introduced into the 
channel by syringe pump. 
• Flow rate at both outlets are controlled by using peristaltic pump at the upper 
outlet. The flow rate at upper outlet was set to half of the inlet flow rate. 
Therefore, equal volume of suspension samples will be collected in the 
measurement vials at outlets. 
• Suspension samples were collected for the acoustic treatment time of 15 
minutes for all experiments 






• Turbidimeter (Oakton T100) was used to measure the turbidity of the 
suspensions samples. 
• Turbidity values were converted to the particle concentration based on the 
calibration ratio.  
 
Figure 5.12 Experimental setup for particle concentration measurement 
Results  
Particle counts per unit volume in inlet, upper outlet and lower outlet for different 
driving voltages and flow rates are shown in Figure 5.13. As seen in the figures, at 
constant voltage level, the particle concentration in the upper outlet increases with 
flow rate. At 30 Vpp (Figure 5.13c), particle concentrations in the upper outlet for all 
flow rates are very low approximately 10 % of the inlet concentration. This shows 
that upper outlet is relatively clean compared to the inlet. Therefore, it is expected that 
particle concentration in the lower outlet would be higher than that in the inlet. 
However, from Figure (5.13c) at 30 Vpp, particle concentrations in the lower outlet are 
also in the same order of magnitude with those in upper outlet. Therefore, lower outlet 
is also relatively clean compared to the inlet. It shows that there are some particles 
trapped inside the channel especially at high voltages. The volumes of liquid 
suspensions collected at upper and lower outlet are half that at the inlet. Approximate 
sum of particles at upper and lower outlet at 30 Vpp is 20,000 and is approximately the 






same at all flow rates. Therefore, the sum of total particles collected at two outlets is 
approximately 12% of the particles at the inlet.  This shows that approximately 88% 
of the particles are trapped inside the channel. 
 
 Figure 5.13 Result of particle concentrations in Channel B for different voltage levels 
(a) 10 Vpp, (b) 20 Vpp and (c) 30 Vpp 
 
 
In order to better analyze the concentration results, the relationship between the 
particle concentrations at inlet and both outlets is developed.  
The particle concentration over a period of time can be defined as: 
. =   (5.1) 
where, n is particles/unit volume and N is number of particles in volume V. 
The volumetric flow rate ratio between upper outlet and inlet is defined as: 
 = @ ¡   (5.2) 
where, R is volumetric flow rate ratio, uV  is flow rate at upper outlet and iV
 
is flow 
rate at inlet. 






Over a period of time, the ratio of the fluid volumes collected at upper outlet and the 
inlet can be described as: 
 = @  (5.3) 
The total number of particles over a period of time must be conserved and if there is 
no particle trapping: 
 − @ − ¢ = 0 (5.4) 
where Ni, Nu and Nl are number of particles in the samples at inlet, upper outlet and 
lower outlet, respectively.  
Equation (5.4) is valid only for the case with no particle trapping and it can be 
expressed in terms of particle concentration using equations (5.1) and (5.3),  
. = .@ + .¢/1 − 1 (5.5) 
Relative concentrations collected in both outlets with respect to the inlet are defined 
as:  
m = .@.  (5.6) 
£ = .¢. (5.7) 
Smaller value of θ represent better cleanliness in upper outlet and larger γ represents 
better enrichment in lower outlet. The following relationship between γ, θ and R can 
be obtained using equations (5.5) to (5.7): 
m + £/1 − 1 = 1 (5.8) 
Equation (5.8) provides the relationship between relative concentrations in upper and 
lower outlets at specific flow rate ratio, R. The measured values of θ and γ must 
satisfy this equation if there is no significant particle trapping inside the channel.  






In this study, the flow rate ratio, R is always maintained at 0.5 by using the peristaltic 
pump to obtain even flow distribution at the outlets.  For this case, the relationship 
between θ and γ must satisfy the following condition if there is no trapping. 
m + £ = 2 (5.9) 
The values of θ and γ must always add up to two if there is no trapping. Any 
significant deviation from this condition means that there are some particles trapped 
inside. 
For example, if there is no trapping, for perfect concentration case, θ = 0 and γ= 2. 
This means that the fluid collected at upper outlet is totally particle free and the 
concentration of particle in the lower outlet is double that in the inlet.  
Concentration effectiveness, ¤ is also defined as: 
¤ = 1 − m (5.10)
However, if particle trapping occurs inside the channel, relationship among the 
number of particles at inlet, inside the channel, upper and lower outlets over a period 
of time can be expressed as: 
A =  − @ − ¢  (5.11)
where, Nt is the numbers of particle trapped inside the channel. 
Therefore, number of particles trapped inside the channel relative to that at inlet or 
trapping factor can be expressed as: 





β =  
In the experiments in this study, flow rate ratio R is always kept at 0.5. For this case, 
 






8 = 1 − 12 /m + £1 (5.13)
In Figure 5.14, the experimental values of θ, calculated from the mean experimental 
particle concentrations at R = 0.5 are plotted against flow rate for different voltages. It 
can be seen that the values of θ decrease with increasing voltage suggesting cleaner 
upper stream at higher voltage. This is in good agreement with the decreasing trend of 
separation height with increasing voltage discussed in section 5.2 (Figures 5.3 and 
5.4). In addition, based on equation (5.9), if there is no particle trapping, it is highly 
expected that the values of γ should increase with increasing voltage since θ is 
decreasing with voltage. For example, at 30 Vpp, the values of θ at all flow rates are 
less than 0.2. Therefore, particle concentration in upper outlet is only 20% that in the 
inlet, hence upper stream is comparatively clean.  Based on equation (5.9) and the 
values of θ, it is expected that, if there is no particle trapping, the values of γ at 30 Vpp 
will approximately be 1.8.  
 
Figure 5.14 Relative particle concentrations in upper outlet versus flow rate 
 
 






Figure 5.15 plots γ against flow rate for different voltages. In contrary to the 
expectation, γ also decrease with the increasing voltage. For example, from Figure 
5.15, at 30 Vpp, the values of γ vary from approximately 0 to 0.2. The expected values, 
if there is no trapping, should be approximately 1.8. These significant deviations from 
equation (5.9) show that the lower outlet stream also becomes cleaner at higher 
voltage, instead of becoming enriched.   
 
Figure 5.15 Relative particle concentrations in lower outlet at different flow rates 
 
 
Figure 5.16 Concentration effectiveness of Channel B at different flow rate and 
voltages 






Figure 5.16 plots concentration effectiveness of Channel B at different flow rates and 
voltages. As can be seen, concentration is more effective with the increase in driving 
voltage level. This is in good agreement with the experimental results on the 
separation height measurements (Figure 5.5). Concentration effectiveness at 10 Vpp is 
less than 60% except at 0.1 mL/min. Therefore, concentration is not effective enough 
at 10 Vpp. Concentration effectiveness at 20 Vpp ranges approximately from 80% to 
90%. Concentration effectiveness at 30 Vpp at all flow rates is 90%.  
 
Figure 5.17 Trapping factor of Channel B at different flow rate and voltages 
 
For better understanding, the trapping factor, 8 is plotted against flow rates for 
different voltages in Figure 5.17. It can be seen that at 10 Vpp the trapping factor is 
less than 60% except the value at 0.1 mL/min. Therefore, trapping almost does not 
occur at 10 Vpp. However, at 20 Vpp, trapping is significant since the trapping factors 
at all flow rates are greater than 60%. It can also be seen that at 20 Vpp, the trapping is 
more significant for low flow rates of 0.1 to 0.3 mL/min. At 30 Vpp, the trapping 
factors at all flow rates are approximately 90%. Based on all these results, it can be 
concluded that a very significant trapping occurs inside the channel at 30 Vpp with 




































photographic records of concentration experiments shown in Figure 5.4, where 
particles are blocked inside the channel against the flow along the pressure nodal lines 
by the lateral radiation forces. 
 
The results discussed are based on the experiments done with high inlet particle 
concentrations of approximately from 120,000 to 180,000 particles/ml. Therefore, the 
secondary interparticle forces, in addition to primary lateral forces, may be 
responsible for the trapping since secondary radiation forces can be effective when the 
interparticle distances are in proximity. Therefore, in order to investigate whether 
only lateral forces are responsible for the trapping or both types of forces influence 
the trapping, the same sets of particle concentration measurements were repeated for 
the cases with low inlet particle concentration. The results are discussed in the next 
section. 
 
5.5  Effect of Inlet Particle Concentration  
 
Similar sets of experiments with channel B were repeated to investigate if trapping of 
the particle still occurs with lower inlet particle concentration approximately 50,000 
to 60,000 particles/ml, half of the corresponding value used in the experiments in 
section 5.4. 
Figure 5.18 shows the particle concentrations at the inlet and outlets for the low inlet 
concentration case. As in the previous experiment, at 30 Vpp, particle trapping seems 
to exist since the numbers of particles in upper and lower outlets are approximately 
30% of that at the inlet. However, as discussed in section 5.4 (Figure 5.13c), for high 
inlet concentration case, particle counts in upper and lower outlets are around 12% of 






that in the inlet. Hence, trapping seems less significant for the case with lower inlet 
particle concentration than that with high inlet particle concentration.  
Corresponding plots of the values of θ and γ are shown in Figures 5.19 and 5.20. As 
seen in Figure 5.19, the values of θ decline with increasing voltage. The value of γ is 
also found to be decreasing with increase in voltage as shown in Figure 5.20. 
Therefore, the lower outlet does not become enriched again suggesting the existence 
of particle trapping.  
 
Figure 5.18 Particle concentrations at inlet and outlets for low inlet particle 
concentration cases 







Figure 5.19 Relative particle concentrations in upper outlet vs. flow rate for low inlet 
particle concentration cases 
 
 
Figure 5.20 Relative particle concentrations in lower outlet vs. flow rate for low inlet 












Figure 5.21 Concentration effectiveness of Channel B at different flow rate and 
voltages at low inlet concentration
 
 
Figure 5.21 plots concentration effectiveness of Channel B at different flow rates and 
voltages for low inlet concentration case. As can be seen, the general trend of increase 
in concentration effectiveness with increase in driving voltage level is observed again. 
The values of concentration effectiveness are almost the same with those at high inlet 
concentration case with concentration effectiveness of less than 60% at 10 Vpp, 60-
80% for 20 Vpp. At 30 Vpp, the values of concentration effectiveness for all flow rates 
are approximately 80% except that at 0.1 mL/min indicating that concentration is still 











































Figure 5.22 Trapping factor of Channel B at different flow rate and voltages at high 
and low inlet particle concentration cases 
 
Figure 5.22 compares the trapping factor of Channel B between two cases with high 
and low inlet concentrations. As seen in the figure, the trapping factors at 30 Vpp for 
low inlet concentration case range from 60% to 90%. Therefore, it can be concluded 
that trapping still occurs even at low inlet concentration, suggesting that lateral 
radiation forces are still significant.  
From Figure 5.22, at 10 Vpp, it can be seen that the trapping factors are less than 60% 
for both high and low inlet concentration cases except at 0.1 ml/min for high inlet 
concentration case. Therefore, these two sets of results suggest that the trapping is not 
significant for low voltage. However, the comparison of the two sets of results show 
that at 20 Vpp and 30 Vpp, trapping factors for the cases with lower inlet particle 
concentration are lower than those for the cases with high particle concentration, 
except the data at 0.4 ml/min and 20 Vpp. This shows that particle trapping is more 
significant for the case with higher inlet particle concentration at higher voltage. The 
reason may be that secondary interparticle forces are stronger and more effective for 
the case with higher inlet particle concentration. Once the particles have been moved 
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move them to a local point of maximum acoustic energy. Then, the particles will 
move together to form clumps when the distances between them are close enough. 
However, for high inlet particle concentration case, the particles will be in close 
proximity quicker than those for lower inlet particle concentration case. Therefore, 
particles in the former case will take shorter time to form clumps than those in the 
latter. Once they form bigger clumps, the secondary forces on them will be larger 
since secondary force scales with a6 according to equation (3.22). Based on these 
results, it can be concluded that for the case with high inlet particle concentration, the 
influence of secondary interparticle forces is more significant. 
Moreover, based on all the results in sections 5.4 and 5.5, it can be concluded that at 
10 Vpp, particle trapping almost does not occur especially at high flow rate. At 20 Vpp, 
particle trapping exists but it is more significant only at high inlet particle 
concentration and low flow rate. At 30 Vpp, particle trapping is very significant for all 
flow rates and it is the most significant when inlet particle concentration is high.  
Therefore, it can be concluded that the device can be used as a particle trapping 
device for concentrating of the suspension with high particle concentration 
(approximately higher than 120,000 particles/mL) and high driving voltage levels 
(approximately 30 Vpp) are suggested for better trapping effectiveness. However, if 
the device is to be used as a continuous flow-through separator/concentrator for 
concentrating the suspension with low particle concentration (approximately lower 
than 50, 000 particles/mL) and moderate voltage levels (around 20 Vpp) are suggested 
for avoiding the particle trapping and improving the separation effectiveness.  
To better characterize the performance of channel B, a series of experiments to 
measure the acoustic energy density in the channel were conducted. A two-
dimensional finite element model of the channel was also built using COMSOL to 






predict the radiation forces and particle trajectory model was used to estimate 
separation height. The results of acoustic energy density measurements and simulated 














Numerical Modeling and Analysis 
 
Results of separation height and particle concentration measurements on channel B 
have been discussed in Chapter 5. In this chapter, results of acoustic energy density 
measurements are first discussed. Next, simulation models of channel B used for 
calculating acoustic and flow field parameters are discussed. Based on the simulated 
acoustic field parameters, acoustic energy densities are estimated. The numerical 
results of acoustic energy densities are scaled properly to match with the 
corresponding experimental values. Based on energy density scaling, acoustic 
radiation forces are estimated.  Next, hydrodynamic forces are obtained from a fluidic 
model. With all the forces known, particle trajectories are calculated using Newton’s 
second law, and separation heights are estimated. Finally, numerical results of 
separation heights are compared with the corresponding experimental values.   
 
6.1  Measurement of Acoustic Energy Density 
To better characterize and further analyze the performance of channel B, 
measurements of acoustic energy density, Eac were conducted on channel B.  
(a)  Methodology for Eac Measurement 
Acoustic energy density, Eac measurements were done by recording the rate at which 
micro-spheres move towards the nodal lines and comparing it with a theoretical model 






as the study by Barnkob [112]. They were done in a stationary fluid in channel B at 
2.35 MHz. Figure 6.1 shows the three regions where the motion of the beads was 
observed and the acoustic energy density was estimated. These regions are near the 
piezo-actuator (region A), at the center of the channel (region B), and near the 
reflector side (region C). 
 
Figure 6.1 Schematic of h-shaped channel indicating the regions where the acoustic energy 
density is measured. 
The following procedure was used for Eac measurement. 
(1) Fluid particle suspension with 10-µm diameter polystyrene spheres was first 
injected into the channel. Homogeneous particle distribution inside the 
channel was ensured before the ultrasound was activated.  
(2) When the fluid is at rest, the ultrasonic standing wave field was activated. 
The motion of particles in x-y plane under the sound field was recorded by 
the CCD camera from above. The focus was set on the centre plane of the 
channel. The field of view of camera is set to approximately ½ wavelength 
of the ultrasound in water. 
(3) Transverse path of the particles as a function of time was obtained by 
tracking particle motion from the recorded video using open source 






software, TRACKER [113]. Figure 6.2 shows an example of particle paths 
in stationary fluid and standing wave ultrasound field at 2.35 MHz. The 
length scale was obtained by setting the distance between two nodal lines 
i.e., half-wavelength in water at the operating frequency.   
(4) Theoretical particle path, x(t) was calculated by balancing Stokes force, Fst 
and acoustic radiation force, Fac by quasi-static simulation. Effects of inertia 
forces can be neglected since the particle size is small. Acoustic streaming is 
also neglected. This is justified since acoustic streaming phenomenon was 
not observed during the experiments. Stokes drag force was calculated using 
Stokes formula. Acoustic radiation force was calculated using Yosioka’s 
formula (equation 3.16) for compressible sphere in non-viscous fluid in a 
one-dimensional standing wave field [24].  
iA = +, (6.1) 
6&μ' 0 = 4&'()*+,- ./2)01 (6.2) 
0/1 = 1) '¥'. ¦'.§)0/01]M02 ¨49μ /)'1*+,©ª (6.3) 
where, x is the distance travelled by the micro-sphere, x(0) is initial location 
of the microsphere, µ  is dynamic viscosity of water and a is radius of 
micro-sphere. 
(5) The experimental path of the particle was fitted with the theoretical path, 
x(t) with Eac as the only fitting parameter. The value of Eac that can best fit 
the experimental particle path is taken as the local energy density estimate.  






An example of curve-fitting result is shown in Figure 6.3 for 10 Vpp at 2.35 MHz. As 
seen in the figure, the theoretical path fits well with the experimental one. This kind 
of fitting was achieved for all Eac measurements.  
 
 
Figure 6.2 A snapshot of particle tracking for Eac measurement in Tracker software. Green 
dots/line are 10-µm polystyrene particles along the nodal lines separated by half-wavelength 
distance (blue line). The purple lines are the coordinate axes. Numbered red diamonds show 
particle path under ultrasonic standing wave field with initial location at 1.  







Figure 6.3 An example of result of curve-fitting of experimental particle path with 
theoretical one, dynamic viscosity of water is 1.89×10-4 Pa.s, particle radius is 5 µm 
and acoustic contrast factor between water and polystyrene bead is 0.175. 
 
(b)  Results and Discussions 
Three sets of acoustic energy density measurements were conducted for each region at 
different voltages applied. Figure 6.4 shows the results for the acoustic energy density 
in channel B for the three regions for various input voltages to the piezoelectric 
actuator. It can be seen that for all regions the acoustic energy density increases in a 
quadratic manner with the increase in voltage applied. It is expected since acoustic 
radiation force is directly proportional to Eac and Eac scales with the square of the 
pressure. It can also be seen from the figure that acoustic energy distribution is not 
uniform across the width of the channel. Energy density is the largest in region C near 
the reflector. This could be explained by the fact that standing wave amplitude is the 
highest at the reflecting boundary, where the amplitudes of incident wave and 
reflected wave are added together. Energy density in region B in the center of the 
channel is not between those in region A and C but it is always the lowest. This is 





Figure 6.4 Results of acoustic energy density in various regions of channel B for various 
driving voltages applied to piezo
each voltage applied. Mean energy densit
deviations.  
 
6.2  Numerical Modeling and Simulation Results
Besides the acoustic energy density measurements to characterize the sound field 
inside the channel, numerical models of the channel were also constructed to study the 
sound and flow fields in the fluid cavity. This was done by building finite element 
models using acoustics and fluid mechanics modules in COMSOL
tool for multiphysics analysis
sound and flow fields inside the channel. For the acoustic analysis, two
model was constructed by considering the sound field inside the fluid cavity only. For 
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(a)  Acoustic Model 
For the acoustic analysis, a two-dimensional finite element model was constructed 
using acoustic module in COMSOL. The two-dimensional model was used instead of 
full three-dimensional model because the three-dimensional model is computationally 
expensive. However, the actual field inside the channel may vary across the height of 
the channel. It must be noted that such variations across the height of the channel are 
not covered in this two-dimensional model.  The model was used to solve for the 
time-harmonic response of acoustic pressure field inside the channel, which is 
governed by the Helmholtz equation,  
∇P¬ + ωcc P¬ = 0 (6.4)
where, the governing variable P¬ is the complex amplitude of the acoustic pressure and 
ω is the angular frequency (corresponding to 2.35 MHz in the present case). The fluid 
was treated as an inviscid fluid. 
The h-shaped channel B with the width of 10.5 mm and the length 42.5 mm was 
modeled. Therefore, computational domain is quite large. Moreover, very fine 
meshing is required for high-frequency analysis. For this simulation, a mesh of about 
811,000 triangular elements was used. The average size of the element is around 40 
µm. The wavelength of sound in water at 2.35 MHz is around 638 µm. Therefore, the 
average element size is 1 15⁄  of the wavelength and there are 7 elements in one half-
wavelength. Therefore, it was found that the mesh is sufficient for this simulation.  
Aluminum walls were not considered in the model in order to reduce computational 
effort. For similar reason, piezoelectric layer was not also included in the model. This 






is justified since the fields in the aluminium walls and piezoelectric layer are not of 
interest. However, it must also be noted that since the walls were not considered, 
fluid structural interactions were not covered in this model.  In addition, presence of 
particles was not considered neglecting inter-particle interactions and fluid particle 
interaction.  Acoustic streaming was also not considered. This is justified since 
acoustic streaming was not observed experimentally. Another limitation with this 
simple model is that the effect of viscosity and the effect of temperature changes on 
the sound field were not taken into account.  
Boundary Conditions  
Figure 6.5 shows the simplified model with boundary conditions. All the rigid walls 
of the channel were modeled as sound-hard boundaries, except the wall where the 
piezo-actuator was attached where a unit pressure input was prescribed. The 
distributions of acoustic field parameters will be plotted along sections AA 
(x=0.085m), BB (x=0.05m), CC (x=0.01m), DD (y=0.015), EE (y=0.025) and FF 
(y=0.035m). 
 







Figure 6.5 Simplified model of acoustic concentrator with boundary conditions. Sound hard 
boundary conditions are used to represent hard aluminium wall. However, unit pressure 
boundary condition is applied on the aluminium sidewall (blue boundary) through which 
vibration of piezoelectric transducer is coupled to the fluid. Sections AA, BB, and CC along 
y-direction and sections DD, EE and FF along x-direction are cross-sections along which 
acoustic field variations will be studied. 
 
 
Acoustic Pressure and Displacement Velocity 
 
For the time harmonic case, the pressure p can be expressed as 2/0, °, 1 = HI±²³/0, °1MNA´ (6.5)






and the time-averaged of pressure squared, 〈2〉 term as  
〈2/0, °, 1〉 = 12 ²³/0, °1²³∗/0, °1 (6.6)
The pressure ²³ will be directly obtained from the COMSOL model. However, the 
displacement velocity,  needs to be calculated using the relation 
 = − 1 X ∇2 (6.7)
 
The time-averaged velocity squared, 〈〉 term can  be calculated using 
〈/0, °, 1〉 = 1Xρc 	²
³0 a²³0d
∗ + ²³° a²³°d
∗ (6.8)
 
Figure 6.6 Numerical simulation results for (a) pressure and (b) absolute displacement 
velocity of acoustic field in h-shape channel. 
 






Figure 6.6(a) shows the results for the acoustic pressure distribution in the h-channel. 
The regularly spaced lines along the wider outlet indicate that there is a standing wave 
set up across the channel width. The distinct colors of the lines show the magnitude of 
the pressure, which correspond to pressure nodes and antinodes. Figure 6.6(b) shows 
the displacement velocity (absolute amplitude) distribution in the h-channel. It can be 
seen that velocity maxima in Figure 6.6(b) correspond to pressure nodes in Figure 
6.6(a) since the phase difference between the pressure and velocity is pi/2. This can 
also be seen in Figure 6.7 (a) and (b) which plot pressure and velocity (absolute 
velocity) distributions against x-positions along section EE, DD and FF. 
It can be seen from Figure 6.6(a) and (b) that there are some slight variations in the 
pressure and velocity along the longitudinal direction (y direction) of the channel. In 
order to see these variations more clearly, the pressure and velocity distribution at 
sections AA, BB and CC are plotted against y-positions in Figure 6.8(a) and (b). It 
can be seen that the pressure and velocity vary substantially in y-direction; hence the 
sound field is not purely one-dimensional. The sound field inside the channel is two-
dimensional. This is due to the reflection from hard aluminium wall at the end of 
wider portion of the channel and also the presence of abrupt step. For such an acoustic 
field, radiation force formula by Yosioka et al. (equation 3.16) [24] cannot be applied. 
Instead, the formula by Gor’kov (equations 3.18-3.21) [69] for an arbitrary sound 
field must be applied to estimate radiation force in the two-dimensional field.  
 







Figure 6.7 Acoustic pressure and displacement velocity distributions along sections DD, EE 
and FF 




















Acoustic Energy Density 
Two-dimensional acoustic energy density distribution can be found using  
*+, = 14 6 a〈〉 + 〈2〉ρcccd (6.9)
where, 〈2〉 and 〈〉 terms can be calculated by using equations (6.6) and (6.8). 
Figure 6.9 shows the acoustic energy density distribution inside the channel. Two-
dimensional variations are also observed for energy density. Figure 6.10(a) plots 
energy density along sections DD, EE and FF against x-positions. Figure 6.10(b) plots 
energy density along sections AA, BB and CC against y-positions. From Figure 
6.10(b), the mean values of Eac along section AA (region near the matching layer), 
BB (middle region) and CC (region near the reflector) are 11.90, 11.87 and 11.81 
J/m3.  Based on these mean Eac values at different sections, it seems that Eac does not 
vary substantially across the width of the region. However, as seen in Figure 6.10(a), 
Eac also vary substantially across the width of the channel. Although limited number 
of measurements only at three different regions was conducted, the trend of 
experimental Eac also shows that the energy density at the middle region is always the 
lowest (Figure 6.4). Therefore, the actual sound field inside the channel may vary 
substantially across the width.  







Figure 6.9 Simulation results of acoustic energy distribution in channel B 
 (a) 
 








Figure 6.10 Simulation results of acoustic energy density (a) against x-position at 
sections DD, EE and FF, (b) against y-position at sections AA, BB and CC  
 
 
Acoustic Radiation Forces 
 
The acoustic radiation force is a second order effect resulting from the interaction of 
an acoustic field in the fluid and the suspended micro-particles. Although the acoustic 
field is sinusoidal, there is a non-zero time averaged resultant force that is dependent 
on the differences of density and compressibility of the particle and the surrounding 
fluid. This time-averaged force can be calculated using the general expression 
Gor’kov (equations 3.18-3.21)  [69]. Figure 6.11(b) shows simulation results of force 
potential distribution, <U> in channel B. As can be seen, the lines of minimum force 
potential, which are also pressure nodal lines (Figure 6.11(a)), match very well with 
experimental results of particle concentration lines in Figure 6.11(c). It can also be 
noted that there is two-dimensional variations of force potential over the fluid cavity. 






The acoustic radiation forces (in both x and y directions) can also be calculated using 
the equations 3.18 to 3.21. Plots of the acoustic radiation force in the chamber along 
the transverse x-direction and longitudinal y-direction are given in Figure 6.12(a) and 
(b), respectively. It is noted that the radiation force in the transverse direction is 
stronger than that in the longitudinal direction, by virtue of the standing wave set up 
across the channel width. The radiation force in the longitudinal direction is about one 
order of magnitude lower than the transverse radiation force. 
The transverse radiation forces in x-direction first move the micro-particles to the 
locations of minimum force potentials. The particles collected in the nodal lines will 
experience drifting by lateral radiation force in y-direction and move to the points of 
local force potential minima.  Figure 6.13(a) and (b) show experimental observations 
of concentration lines formed by micro-sphere in selected part of channel B. Figure 
6.13(c) plots numerical simulation results of acoustic radiation forces in x-direction 
along section 1-1 in Figure 6.13(b). Orange lines show the positions of acoustic force 
potential minima and red arrows show the direction of acoustic radiation force. As 
seen in Figure 6.13(b) and (c), the numerical model can predict the locations of 
particle concentration planes very well. Figure 6.13(d) plots numerical simulation 
results of acoustic radiation forces in y-direction along nodal line A in Figure 6.13(b). 
As seen in the figure, discrete segments of micro-sphere along nodal line A in Figure 
6.13(b) match with some points of force potential minima in Figure 6.13(d), although 
line segments do not appear at some points of potential minima. These discrete line 
segments are caused by the two-dimensional nature of the sound field due to the 
reflections from the aluminium wall and step presence.   
 









Figure 6.11(a) Contour plot of pressure nodal lines (b) Simulation results of force 
potential inside channel B at 2.35 MHz. (c) Green lines formed by micro-particles 
under ultrasonic standing wave field in concentration experiment at 0.2 mL/min and 
20 Vpp at 2.35 MHz. Particle lines match well with the locations of minimum acoustic 
force potential <U> 








Figure 6.12 Numerical simulation results for (a) radiation force in the transverse x-direction 
and (b) radiation force along the longitudinal y-direction in h-shaped channel 
 
 







Figure 6.13 (a) A snapshot of acoustic concentration inside channel B at 0.2 ml/min and 20 
Vpp at 2.35 MHz, green dot/lines are micro-spheres trapped in locations of force potential 
minima, (b) A zoomed view of concentration lines in an orange rectangle (3×5 mm) in (a) 
approximately 5 mm away from the step, (c) Numerical simulation results of radiation forces 
in x-directions along section 1-1 in (b) against x-positions, orange lines show locations of 
force potential minima, red arrows show directions of radiation forces, (d) Numerical 
simulation results of radiation forces in y-directions along nodal line A in (b) against y-
positions, orange lines show locations of force potential minima, red arrows show directions 
of radiation forces 
 






The distribution of lateral radiation forces along sections AA, BB and CC are also 
plotted against y-positions as shown in Figure 6.14. As can be seen, the lateral 
variations of radiation forces in y-directions vary substantially for all the sections.  
 
Figure 6.14 Primary radiation force in y-direction against y-positions along sections AA, BB 
and CC 
 
Once radiation forces on the particles have been obtained, Stokes flow model is used 
to obtain flow field parameters inside the channel. 
(b)  Flow Model 
For flow field analysis, three-dimensional finite element model of the fluid cavity was 
constructed using Stokes flow module in COMSOL in order to calculate fluid forces 
on micro-spheres. Aluminium walls need not be included in the model since they can 
be represented by non-slip boundary conditions. The model was used to solve for 
linear flow velocity inside the channel which is governed by 











Non-slip boundary conditions were used for all the walls except the inlet and outlet. 
At inlet, inlet velocity of 0.0002 m/s which is approximately equivalent to volume 
flow rate of 0.1 mL/min in the concentration experiment was applied. Pressure was 
assumed to be zero at the outlet.  
Flow Velocity 
Velocity field was directly obtained from COMSOL simulation. Figure 6.15 shows 
the slice plot of field velocity inside the fluid chamber. As seen in the figure, the 
distribution of field velocity is parabolic in z-direction.  Therefore, maximum field 
velocity across the height occurs in the centre of the channel in x-y plane. The field 
velocity and its x and y component velocities in this centre x-y plane will be used for 
calculating Stokes drag forces in x and y direction. This is necessary since 
hydrodynamic forces need to be used in calculating particle trajectories together with 
acoustic forces which have been calculated in centre x-y plane only.  
 
Figure 6.15 Slice plot of field velocity at inlet velocity of approximately 0.0002 m/s 
equivalent to volume flow rate of 0.1 ml/min  








Figure 6.16 Field velocity and streamlines in channel B at a flow rate of 0.1 ml/min  
 
Figure 6.16 plots field velocity and streamlines in the middle x-y plane. From Figures 
6.15 and 6.16, it can also be seen that the maximum field velocity in the wider portion 
of h-shaped channel occurs just after flow passes the abrupt step. The presence of 
abrupt step makes sudden increase in x-component of field velocity near the step.  
Figure 6.17 plots x component of field velocity against x positions along the sections 
at the step, 1 mm, 1.5 mm, 5 mm, 15 mm and 25mm away from the step. As seen in 
the figure, the x-component velocity suddenly increases after the flow passes the step. 
The maximum value occurs at 1 mm away from the step. The flow then flattens and 
finally x-component velocity becomes zero near the outlet.  







Figure 6.17 (a) Numerical results of field velocity distribution in h-shaped channel. Colour 
lines show the sections where x-component velocities are plotted. (b) x-component of field 
velocity against x-positions 
 
Figure 6.18 (a) numerical results of field velocity distribution in h-shaped channel. 
Colour lines show the sections where x-component velocities are plotted (b) y-
component of field velocity against x-positions 
 
Figure 6.18 plots the y-component velocity against x-positions along the sections at 
the step, 1 mm, 1.5 mm, 5 mm, 15 mm and 25 mm away from the steps. As seen from 
the figure, as the flow passes through the step, y-component velocity decreases. The 
flow becomes flattened as it moves away from the step finally achieving uniform 
parabolic profile at 15 mm away from the step.  







Once the velocity is known, hydrodynamic drag forces can be obtained using Stokes 
formula, 
6 = 6&μ' a − 0 d (6.11) 
Here, µ is the dynamic viscosity of the fluid, V

is the velocity of the fluid where the 
micro-sphere is located, and x is the position vector of the micro-sphere in the 
channel.  
Once both the acoustic forces and hydrodynamic forces are known, Newton’s second 
law can be applied to the micro-spheres to attain its trajectory under the flow and 
standing wave acoustic fields. 
 
(c) Particle Trajectory Model 
The trajectory of micro-spheres in the channel can be obtained by Newton’s second 
law using acoustic radiation forces together with hydrodynamic force. 
I 0 = +, + 6 (6.12)
where, 0 is the position vector of the micro-sphere in the channel. Since the density 
difference between micro-spheres and water is small, buoyant force can be neglected. 
Another limitation with the trajectory model is that it neglects the inter-particle forces.  
Equation 6.12 was integrated using ODE function in MATLAB with an input of 
initial particle positions and velocities. At every new value of 0, the values of +, and 
V

for the next step are obtained by the two-dimensional interpolation. In this way, the 
particle trajectories were calculated and separation heights were obtained from the 
particle trajectories.  






Effect of Inertial Forces 
The integration can also be done by using quasi-static simulation. Quasi-static 
approximation of particle trajectories was performed by ignoring the inertial effect. 
+, = −6 (6.13)
 It is expected that there will be not much difference in the particle trajectories since 
the mass of the micro-sphere is small and the velocity of the particle is low. Figure 
6.19 shows the particle paths in x and y directions against time. As seen in the figures, 
the full dynamic simulation and quasi-static approximation yield the same results for 
paths in both x and y directions. Therefore, the effect of inertial forces is very 
minimal and quasi-static approximation can be used to calculate particle trajectories. 
Therefore, all the calculations of particle trajectories were done using quasi-static 
approximation. 
 
(a) x-position  








Figure 6.19 Particle trajectories in x and y-directions against time by quasi-static 
approximation and dynamic simulation at 0.1 ml/min and 10 Vpp 
Calculation of Separation Height 
Hydrodynamic forces calculated by Stokes formula can directly be used in the particle 
trajectory model since their calculations were based on the model with proper inlet 
boundary conditions matching the experimental volumetric flow rates. However, 
radiation forces calculated by acoustic model cannot be used directly since their 
calculations were based on unit pressure boundary conditions. Therefore, a way of 
matching experimental observations with numerical simulation results is needed. This 
can be done by matching the numerical values of acoustic energy densities obtained 
by COMSOL model with the corresponding experimental values. Since the numerical 
model based on the Helmholtz equation is linear in the acoustic pressure, the 
simulation results obtained can be scaled to match the acoustic energy density 
measured in the experiments (Figure 6.4). Different ways of scaling can be used to 
match the experimental and numerical acoustic energy densities. Three ways of 
matching were used. 







The numerical results for acoustic energy density are averaged over the section A-A 
(Figure 6.5) and scaled to match the mean of experimental results in region A for 
driving voltages of 10 Vpp, 20 Vpp and 30 Vpp applied (Figure 6.4). For each voltage 
level, the radiation forces (in both x- and y-directions) from the numerical solution 
were obtained from the scaling. These forces were used together with the 
hydrodynamic drag forces to obtain the trajectory of micro-spheres in the channel.  
Case II 
The maximum value of numerical results for acoustic energy density over the section 
A-A (in Figure 6.5) is scaled to match the maximum value of experimental results in 
the region A for the driving voltages of 10 Vpp, 20 Vpp and 30 Vpp applied (Figure 
6.4). Acoustic radiation forces are calculated based on the scaling. 
Case III 
The maximum value of numerical results for acoustic energy density over the section 
A-A (Figure 6.5) is scaled to match the minimum value of experimental results for the 
driving voltages of 10 Vpp, 20 Vpp and 30 Vpp applied (Figure 6.4).  
Particle trajectories under the acoustic and flow fields were calculated using 
hydrodynamic forces and radiation forces obtained from scaling energy density in 
region A. Figure 6.20 shows the trajectories of the micro-spheres for three cases 
calculated based on the numerical model. It can be seen that the height attained by the 
particles, starting from different location, decreases with increasing voltage applied. 
The general trend is consistent with the experiments although there are some 
differences in the actual height calculated and observed (Figure 5.3 and Figure 5.4).  






Corresponding separation heights are shown in Table 6.1. It can be seen from the 
table that general trend of decreasing separation heights with increased voltage is 
observed for all cases. As seen in Figure 6.20 (c) and Table 6.1, Case III 
overestimates the performance of the channel resulting in lower separation heights 
than experimental ones. This is expected since maximum numerical energy density is 
matched with minimum experimental energy density in Case III. It was also noted that 
the trajectories by Case III in Figure 6.20(c) indicated that the micro-spheres come to 
a stop in the channel, especially for a high voltage of 30 Vpp applied. This is due to the 
presence of the lateral radiation force that balances the hydrodynamic force.  
 







Figure 6.20 Trajectories of micro-spheres obtained using the numerical results. (a) Case I – 
The average acoustic energy density (along section A-A) of the numerical results was scaled 
to match the mean experimental measurement for each voltage applied (region A). (b) Case II 
– The maximum acoustic energy density (along section A-A) of the numerical results was 
scaled to match the maximum experimental measurement for each voltage (region A). (c) 
Case III – The maximum acoustic energy density (along section A-A) of the numerical results 
was scaled to match the minimum experimental measurement for each voltage (region A). 






Stokes drag force at 0.1 mL/min and lateral radiation forces for the three cases at 30 
Vpp are plotted against y-positions in Figure 6.21. It can be seen that lateral radiation 
forces are in the same order of magnitude for Case I and II especially in midway of 
the channel. However, in Case III, lateral radiation forces far exceed the Stokes drag 
forces. This explains the existence of particle trapping that was observed during the 
concentration experiments (Figure 5.4) especially at 30 Vpp. Hence, both experimental 
and numerical results show that if a strong acoustic field is applied in the channel, the 
particles can be trapped in the channel with this acoustic field. The channel can be 
used as a particle trap besides being used as a concentrator. 
Table 6.1 Comparison of separation heights obtained by experiment and numerical 




Separation height [mm] 
Experiment 
Numerical model 
(case I) (case II) (case III) 
10.00 7.01 7.52 8.14 3.37 
20.00 5.98 2.85 3.41 2.73 
30.00 5.08 2.76 2.77 2.73 
 
 
Figure 6.21 Comparison of numerical results of Stokes force and radiation force in lateral 
direction for three matching cases at a flow rate of 0.1 ml/min and driving voltage of 30 Vpp 































Stokes drag force 
lateral radiation force, case I 
lateral radiation force, case II
lateral radiation force, case III






As shown in Table 6.1, for the separation height, the results by Case I and Case II are 
comparable with experimental results although the model cannot predict the height 
accurately. For Case I, the numerical results at 20 Vpp and 30 Vpp are approximately 2 
times lower than the experimental results. For Case II, the numerical results at 20 Vpp 
and 30 Vpp are approximately 1.5 times lower than the experimental results. 
Moreover, from Figure 6.20 (a) and (b), particle trapping was not predicted in both 
Case I and Case II. However, in the experimental observations, it was found that 
particle trapping was significant at 20 Vpp and 30 Vpp. It is also observed in Figure 
6.20(c) that particle trapping is predicted in Case III, which overestimates the 
separation height results.  
Therefore, it can be concluded that Case II best predicted the general trend of 
separation heights at different voltages, but could not predict the particle trapping. 
Case III overestimated the channel concentration performance. However, it can 
predict particle trapping inside the channel due to lateral radiation force. Therefore, 
the real acoustic field inside channel B cannot accurately be described by both cases. 
These differences in the results are probably due to the simplifying assumptions in the 
numerical model, and that the acoustic field in the experiment is probably not as even 
as that observed in the numerical model. 
In all the cases discussed, calculation was based on the scaling of energy density in 
region A. The same simulation was repeated with scaling based on region B and C. 
The results on separation height are shown in Tables 6.2 and 6.3. As can be seen in 










Table 6.2 Comparison of separation heights obtained by experiment and numerical 
models with scaling based on region B 
Voltage 
[VPP] 
Separation height [mm] 
Experiment 
Numerical model 
(case I) (case II) (case III) 
10.00 7.01 8.13 8.77 4 
20.00 5.98 3.38 4.97 3.04 
30.00 5.08 3.06 3.68 3.04 
 
Table 6.3 Comparison of separation heights obtained by experiment and numerical 
models with scaling based on region C 
Voltage 
[VPP] 
Separation height [mm] 
Experiment 
Numerical model 
(case I) (case II) (case III) 
10.00 7.01 7.82 8.53 3.34 
20.00 5.98 3.30 4.71 3.04 
30.00 5.08 3.04 2.75 3.04 
 
All the numerical results in Tables 6.1, 6.2 and 6.3 show that Case II best estimates 
the separation heights and Case III overestimates the channel performance but it can 
estimate the particle trapping. Therefore, it is noted that although numerical results 
can explain the trend of separation heights with voltage and particle trapping, they 
cannot accurately predict the sound field inside the channel. The possible reason is 
that the simplifying assumptions especially neglecting the fluid structural interactions 
and inter-particle interactions cause these differences between the numerical and 
experimental results.  Moreover, it must also be noted that although the experimental 
values of the acoustic energy density in a certain region was used for matching the 
numerical results to the experiments, there is still some variations of the energy 
density in the channel that are not fully replicated in the numerical model. Another 
possible reason is that the real sound field inside the fluid chamber may be three-
dimensional, the effect of which was not considered by two-dimensional acoustic 
model. 






(d) Effect of Channel Width 
Acoustic model, flow model and particle trajectory have been used together with 
measured Eac values to characterize the acoustic concentrator channel B. In this 
section, simulation models are used to study the effect of channel width on the 
separation performance. It seems that the separation be more efficient if the fluidic 
channel is wider. This is because the hydrodynamic force pushing the particle 
upwards will decrease with the wider channel width.  However, this is true only when 
the radiation force does not vary with the channel width, i.e. for the lossless and 
purely one dimensional case. However, for 2D cases, the effect of channel width on 
the radiation force is unclear.   Therefore, several simulation studies on the effects of 
channel width on the hydrodynamic force and acoustic force are performed. For this 
purpose, acoustic and flow field simulations for five channels of different widths are 
performed.  
Flow Model  
Non-slip boundary conditions were used for all the walls except the inlet and outlet. 
At inlet, inlet velocity which is approximately equivalent to volume flow rate of 0.5 
ml/min was applied. Pressure was assumed to be zero at the outlet. Table 6.4 shows 
five different channel widths used for simulation with corresponding number of nodal 
lines and the corresponding inlet flow velocity used in the flow model. 
Figure 6.22 plots the x-component of hydrodynamic force against x-positions at the 
cross section 1 mm away from the step, where maximum field velocity occurs. As can 
be seen, hydrodynamic force decreases with increasing channel width. Therefore, if 
radiation force is constant with channel width, increase in separation performance is 
expected. 






Table 6.4 Different sizes of channel used for studying the effect of channel width on 
separation performance 
 
Channel width [mm] No of pressure nodal planes Inlet velocity 
10.53 33 7.9x10-4 
13.09 41 6.4x10-4 
15.64 49 5.3x10-4 
18.19 57 4.6x10-4 
20.10 63 4.1x10-4 
           
(a)                                                                                  (b) 
Figure 6.22 (a) x-component of hydrodynamic force against x-position in different channels  
(b) streamlines in h-shaped channel; the blue line shows the cross section along which 
hydrodynamic force in (a) are plotted 
 
Acoustic Models 
For one-dimensional case, acoustic radiation force is calculated using equation (3.16) 
and (3.17) with the input acoustic pressure amplitude of 3x105 Pa. For 2D model, two 
sets of simulations with and without losses were performed in COMSOL 
Multiphysics. Pressure value of 3x105 Pa was set at the boundary where PZT 






actuation applies. Maximum element size is set to 99< " .The damping in water can be 
introduced by using complex sound speed in COMSOL acoustic modules (equation 
3.39). Several damping cases are simulated with Q values ranging from 150 to 
170,000. High Q value of 170,000 is calculated based on the viscosity of water at 2.35 
MHz assuming losses are due to viscoelastic effect only. However, in reality, the 
effective Q value is far lower due to the sound attenuation by other losses. In the 
literature, Q values of water range in the order of from 102 to 103 [48, 50, 77]. In this 
simulation, four different Q values have been used to see the effect at different 
damping.  
For all the cases except one-dimensional case, particle trajectories were obtained 
using Newton’s second law as discussed in section (6.2c). From trajectory, separation 
effectiveness, the ratio of separation height, within which particles are confined, to the 
width of the channel, w.  
Results 
Figure 6.23 shows the comparison of x-components of hydrodynamic force, acoustic 
radiation forces from 1D and 2D finite element models for two channels with widths 
of 10.53 and 18.19 mm. As can be seen, the radiation force is the maximum in 1D 
lossless case in most part of the channel. It is the lowest in 2D with Q=150. Radiation 
force by lossless 2D model is between those by 1D and 2D with damping. From this, 
the effect of damping on the magnitude of radiation force can clearly be seen.  
For 1D model, the separation height can be directly obtained by just observing the 
point where the magnitude of hydrodynamic force and radiation force are equal. 
However, for 2D model, full particle trajectories are needed to calculate the separation 






height. Figure 6.24 shows the sample of particle trajectories in the channel with width 
10.53 mm for the lossless case. The separation effectiveness from this graph is 0.75.  
 
(a) Channel width = 10.53 mm 
 
(b) Channel width = 18.19 mm 





































































Figure 6.24 Particle trajectories in channel with width 10.53 mm for the lossless case 
 











































Figure 6.25 shows simulation results of percentage height against channel width for 
different models. It can be seen that for both lossless 1D model and lossless 2D 
model, percentage height decreases with increasing channel width. The result suggests 
that separation performance can be enhanced slightly by increasing channel width.  
The case with Q=170,000 (low damping) is exactly the same with the lossless 2D 
case. At Q=150, the percentage height is almost constant even though the channel 
width is increased. This suggests that if the damping is large enough, increasing the 
channel width may not help enhance the separation performance. The curves for 
Q=750 and 2500 lay between those for Q=170,000 and Q=150 since the damping 
value is in between.  
From this result, it can be seen that increasing the channel width would help improve 
the separation performance only at low damping. However, at high damping, 
increasing the channel width may not improve the separation performance. In order to 
investigate this systematically, it is implied here that future research may be 
conducted by constructing channels of different widths and measuring the separation 
height. 
(e)  Effect of Three-Dimensional Variations 
 
Even though 3D model was used for flow field analysis in previous sections, only 2D 
model was used for acoustic field analysis. However, 2D acoustic model may not 
reflect the actual conditions since the actual sound field inside the channel may be 
three-dimensional. In order to see the differences between 2D and 3D simulation 
results, a single attempt was made to build a 3D model. 
 
 






Geometry and Boundary Conditions 
Figure 6.26 shows the geometry and boundary conditions used in 3D model. Since 
fine meshing is required for high frequency analysis, only a cut out version of the 
actual geometry was modeled. However, emphasis is made to cover the presence of 
abrupt step at the corner.  
Pressure boundary condition was used on the surface where PZT actuator is attached. 
On the cut out surface across the channel width, radiation boundary conditions were 
used. Sound hard boundary conditions were used elsewhere.  
 
Figure 6.26 3D model of cut-out version of channel B with boundary conditions 
 
Results 
Figure 6.27 shows the slice plot of three dimensional sound fields inside the channel. 
As can be seen, standing wave was constructed across the width of the channel with 
regularly spaced lines with distinct colors.  
 







Figure 6.27 Slice plots of 3D variation of acoustic field in channel B 
 
Figure 6.28 shows a cross sectional plot of the pressure field in the middle x-y plane 
of the channel. Figure 6.29 shows the result of pressure field in the channel obtained 
by the 2D model with the same boundary conditions. As can be seen, there is no 
difference in the pressure profile between 2D and 3D models. Therefore, 2D model is 
a good representation of the phenomenon inside the channel.  







Figure 6.28 Cross sectional plot of the pressure in the middle x-y plane by 3D model 
 
Figure 6.29 Surface plot of acoustic pressure by 2D model 
 
Figure 6.30 plots the pressure distribution across the width of the channel in the 
middle x-y plane at the section 1 mm away from the step. As can be seen, 2D and 3D 
model yields exactly the same magnitude.  








Figure 6.30 Comparison of acoustic pressure along a line 1 mm away from the step on 
the middle x-y plane 
 
Figure 6.31b shows the pressure distribution across the height of the channel at the 
cross sections shown in Figure 6.31a. As can be seen, the pressure is constant across 
the channel height. Therefore, no effect of three dimensional variations was observed 
in the 3D model. 
 
(a)  Section lines where pressure field is plotted in (b) 








(b) Acoustic pressure against z-position at sections in (a) 
 
Figure 6.31 Acoustic pressure against z-position 
 
 
In this chapter, performance of acoustic concentrator channel B was characterized by 
using 3D flow model, 2D acoustic model calibrated with measured acoustic energy 
density. With the use of calculated fluid forces and calibrated radiation forces, particle 
trajectories inside the channel were generated by particle trajectory model. 
Performance of channel B was calculated and compared with the experimental 
observations.  The results show that the models can predict separation height and 
particle trapping inside the channel qualitatively.  
 















The overall objective of this research study was to perform a systematic investigation 
into the operation of millimetre-scale h-shaped acoustic separator by characterizing 
the device’s performance with the measurements of separation height and particle 
concentrations. Such studies are important for further optimizing the device to 
improve its performance.  
 
7.1 Design and Performance Characterization  
This study has built a simple theoretical model for designing h-shaped separator based 
on one-dimensional two-layered piezoelectric model. The theoretical analysis showed 
that the thicknesses of matching and reflecting layers must be equivalent to nearly odd 
integral multiples of a quarter wavelength of the sound wave in the respective layer.  
Next, this study also conducted separation height measurements to investigate if this 
simple one-dimensional model can really help enhance separation performance of the 
h-shaped channel compared to the nominally designed channel. The results showed 
that for the channel with nominal layer thicknesses, if separation height is to be 
maintained at 5 mm, the maximum allowable flow rate is only 0.075 mL/min at 40 
Vpp. However, for the channel with layer thicknesses chosen according to the criterion 
obtained by the theoretical model, maximum achievable flow rate is 0.2 mL/min at 30 
Vpp for maintaining 5-mm separation height. Therefore, the maximum achievable 






flow rate with properly sized channel is 2.5 times higher than that with nominally 
sized channel and the channel can operate at even lower voltage. Based on these 
results, it can be concluded that proper choice of layer thicknesses is important to 
improve concentration effectiveness.       
 
7.2  Significance of Particle Trapping 
After the design guideline for layer thicknesses was obtained theoretically and proved 
experimentally, this study also conducted particle concentration measurements to 
characterize the device’s performance. The results showed that there is a significant 
trapping of the particles inside the channel by the lateral radiation force for the cases 
of both high and low inlet concentrations. This result has provided the valuable 
insight of the separation processes inside the h-shaped channel that lateral radiation 
forces do exist and approximately 80%-90% of inlet particles could be trapped by 
them. This would change the device’s operating mode from the separation to trapping 
depending on the specific requirement and inlet particle concentration. Townsend et 
al. suggested that careful choice of geometry and material would result in stronger 
lateral forces [57]. Therefore, if trapping mode is preferred, lateral radiation forces in 
h-shaped channel could be improved in a similar way by careful choice of geometry 
and material of the concentrator so that all particles will be trapped inside the channel. 
On the other hand, if separation mode is preferred, effects of lateral forces may be 
reduced by proper choice of geometry and softer walls in the lateral direction [57]. 
Therefore, further studies on the effect of geometrical design and material on lateral 
forces in h-shaped device are suggested.  
 






7.3 Numerical Modeling and Analysis 
This study has also built the finite element models which can predict the ultrasound 
and flow fields inside the h-shaped concentrator. Results of acoustic energy densities 
from the finite element model were matched with the results from experimental 
measurements. A particle trajectory model together with acoustic radiation forces and 
hydrodynamic force from the finite element model was used to calculate particle 
trajectory in the h-shaped channel. The separation height results from the simulation 
model were in similar trend with the corresponding experimental ones. However, 
simulation model slightly overestimated the separation performance. This slight 
difference in separation heights between simulation and experimental results is 
attributed to the non-homogenous sound field observed in the experiments which are 
not replicated by the energy density matching between the experimental and numeral 
models. The simulation results, however, predicted the existence of lateral radiation 
forces well within comparable order of magnitude with the Stokes forces. This 
comparable magnitude of lateral forces is responsible for the significant particle 
trapping observed in the experiment.  
To conclude, this thesis (i) has provided a simple theoretical model for proper sizing 
the layer thicknesses of the millimeter-scale acoustic concentrator, (ii) proved that 
selection of layer thicknesses has profound effect on the performance of acoustic 
concentrator and proper sizing of the layer thicknesses can help improve 
concentration effectiveness, (iii) characterized the concentration effectiveness of h-
shaped concentrator and highlighted the existence and significance of particle 
trapping by lateral forces, and (iv) obtained a simulation model that can estimate the 
separation performance of the channels well within an acceptable order of magnitude.  






7.4 Directions of Future Work 
In this study, instead of cellular particles, polystyrene particles were used. It is 
reasonable since they are also commonly used in most studies as their material 
properties are quite comparable to biological cells [11, 88, 89]. Moreover, for 
designing the layer thicknesses, a simple one-dimensional piezoelectric model was 
used instead of three-dimensional analysis. However, as proved by the experimental 
results of separation heights on nominally designed channel and properly designed 
channel, although simple and only one-dimensional, this theoretical model can be 
used as a design tool for choosing proper layer thicknesses.   
However, the maximum achievable flow rate in this study is lower than that in the 
literature [19, 20]. Possible reasons are: 
(1) The electric displacement boundary condition used at the boundary of PZT 
layer in 1D model, which is used to design the channel layer thicknesses may 
not reflect actual electrical excitation. Therefore, the design of layer 
thicknesses used in this study may not be optimal yet although the 
improvement in separation performance was observed compared to the 
nominally designed channel.  
(2) Inability to increase the driving voltage due to rigorous temperature rise 
approximately 3°C/min at high voltage 
Therefore, the following future studies are implied to further optimize the 
performance of the acoustic concentrator  
(1) Designing the layer thickness by 1D model with electric potential boundary 
conditions, which may reflect actual experimental conditions since electric 






potential difference is applied on the electrode surfaces of PZT actuator in an 
actual experiment. 
(2) Incorporate cooling system so that the concentrator can be tested at power 
input 
It should also be noted that although significant trapping by the lateral radiation forces 
was observed, they cannot be quantified accurately. This is because the turbidity 
measurement method could only provide approximate order of magnitude of particle 
concentrations at inlet and outlets. Therefore, further studies should address this by 
finding ways to quantitatively characterize particle trapping inside the channel, for 
example, by incorporating accurate online particle counting systems such as 
dielectrophoretic trapping devices at inlet, outlets and inside the channels.  Such 
studies are necessary especially for concentration process at low inlet particle 
concentration.  
For the simulation model, instead of full three-dimensional analysis with channel 
walls and piezoelectric transducer, only two-dimensional FEM analysis of fluidic 
chamber was used for acoustic analysis. The reason for this is that it is 
computationally costly to build a full three-dimensional model of the channel.  
Therefore, it must be noted that full three dimensional variations could not be covered 
in the model. Moreover, the effects of viscosity, thermal convection, acoustic 
streaming, inter-particle and particle-fluid interactions and interactions at the solid-
liquid interfaces were not covered.  Therefore, it is implied here that in order to 
predict channel’s performance accurately, some of these issues, especially the effects 
of solid-liquid interactions at the interfaces and full three-dimensional nature of the 
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Derivation of the terms in Gor’kov equation and two-dimensional 
acoustic energy density  
 
The time-averaged square pressure (equation 6.6) and velocity (equation 6.8) terms 
used in calculating acoustic radiation force by Gor’kov equation (equation 3.18-3.21) 
and the acoustic energy density (equation 6.9) in the two-dimensional sound field are 
derived here.  
Acoustic pressure amplitude is the real or imaginary part of the complex pressure 
amplitude.  
2/0, °, 1 = M±²³/0, °1MNA´       (A.1) 
The real part can be obtained by:  





     (A.2) 
The square of the pressure term can also be derived: 




titi eyxPeyxPtyxp ωω −+=      (A.3)  
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The acoustic displacement velocity can be obtained from the following relationship. 
 = − 9N}¶ ∇2         (A.6) 
 
The velocity in the x-direction is 
( ) ( )
( )
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  (A.8) 
The time-averaged square of the x-velocity, 





























     (A.9) 
Similarly, the time-averaged square of the velocity in the y-direction is 





























     (A.10) 
The square of the amplitude of the acoustic displacement velocity is 
( ) ( ) ( )tyxvtyxvtyxv yx ,,,,,, 222 +=       (A.11) 
The time-averaged squared velocity is 
( ) ( ) ( )tyxvtyxvtyxv yx ,,,,,, 222 +=      (A.12) 





















































































       (A.14) 
For the two-dimensional field, Eac can be found by substituting (A.5) and (A.13) into 
(A.14), 
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